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REMARKS 

Claims 1-3, 6-22 and 24-34 are pending; claims 20, 21, 25, 28 and 29 have been 
withdrawn from consideration; upon entry of this amendment, claims 35, 36 and 37 will be 
added; claims 1-19, 22-24, 26, 27 and 30-34 have been rejected. 

Claims 1, 2, 7-17, 24, 32-34 have been amended and new claims 35, 36 and 37 have 
been added. 

The amendments and new claims are supported as follows: 
Claim 1: at least at pages 7-10 of the specification. 
Claim 2: at least at page 1 1 of the specification. 
Claim 35: at least at pages 26-28 of the specification. 
Claim 36; at least at pages 26-28 of the specification. 
Claim 37: at least at claim 1 as originally filed. 
The specification has been amended as follows. 

Paragraphs 32, 93, 101, and 104 are amended to properly designate trademarks. 

Paragraphs 162-164, 167-168, 170-171 and 174, and Table 7 are amended to correct 
printing errors, where question marks should be "A" or 

Support for the amendments can be found in the parent application as shown in the 
following chart: 



Current Application 


Parent application 


1162 


1137 


1163 


1138 


^164 


1139 


1167 


1142 


1168 


1143 


Table 7 


Table 7 


1170 


1145 


1171 


114.6 


1174 


1148, lines 20-21. 



Further description has been added after paragraph 92. Support for the amendment can 
be found at least at page 3082, column 2 to 3083, column 1 ; page 2830, column 2, last 
paragraph; page 2829, column 1; 2644, column 1, first full paragraph; page 2579, last paragraph; 
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page 2579, last paragraph; page 2365, column 2, last paragraph; page 2361, column 2 and page 
2363, column 1; page 2359, column 2 - 2360, column 1; page 2359, column 1 of De Vita et at, 
which is incorporated by reference at page 69, paragraph 181, and page 26, paragraph 93 of the 
specification. No new matter is added. 

I. Partial Withdrawal of Election/Restriction Requirement Acknowledged 

Applicants acknowledge Examiner's rejoinder of claims 19, 22, 24, 26, 27 30, 31 and 34, 
drawn to a method using the composition of Group I. Office Action, paragraph 6. The claims of 
both Groups 1 and II (claims 1-3, 6-19, 22-24, 26, 27 and 30-34) are under consideration. New 
claims 35 and 36 are included within Group III, and thus, should also be under consideration. 
Applicants further acknowledge that the Examiner withdraws the species requirement from the 
claims of Group II. Office Action, paragraph 6. In addition, Applicants acknowledge that the 
Examiner rejoins gemcitabine as a species of Group I. Office Action, paragraph 6. 

II. Priority Acknowledged 

Applicants assert that claims 2, 17, 23, 30 and 32-34 are at least entitled to the benefit of 
the filing date of the instant application. 

III. Specification 

A. Paragraphs 32, 93, 101 and 140 of the Specification Are Proper 

At paragraph 9 of the Office Action, the Examiner objects to the specification alleging 
the term "Bexxar" Is a trademark and should be indicated as such. Applicants amend paragraphs 
32, 93, 101 and 140 of the specification to identify "Bexxar" as a trademark. 

Accordingly, the objection is overcome. 

B. Paragraphs 162-164, 167-168, 170-171 and 174, and Table 7, of the 
Specification Are Proper 

The Examiner objects to several paragraphs of the specification for containing misplaced 
question marks. The question marks are printer errors and should be "A" or Paragraphs 
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162-164, 167-168, 170-171 and 174, and Table 7, of the specification have been appropriately 
amended, 

C.& D. Claims 2, 17 and 30 Are Proper 

The Examiner alleges that the specification fails to provide "proper antecedent basis" for 
the following secondary agents: thalidomide, vincristine, interferon alphabet, carmustine, 
pamidronate, prednisone, erythropoietin and bisphosphonate. The Examiner asserts that the 
specification improperly incorporates by reference, via DeVita et al, the noted secondary agents. 

The specification has been amended to include specific reference to thalidomide, 
carmustine, pamidronate, prednisone, erythropoietin and bisphosphonate, as supported by 
DeVita et al, which is expressly incorporated by reference at page 69 of the specification. 

At page 5 of the Office Action, the Examiner asserts, "Applicant is cautioned that 
introduction of less than the entirety of the above reference into the specification would be 
considered new matter," however it is unclear on what basis the Examiner makes this assertion. 
No statute, case law, regulation or directive suggests such a policy, and, in fact, 37 C.F.R. 
§ 1 .57(f) implies the exact opposite. 

Thalidomide, carmustine. pamidronate, prednisone, erythropoietin and bisphosphonate 

Applicants amended claims 2, 17 and 30, and added new claims 32-34 in the Preliminary 
Amendment filed September 7, 2006, to recite the referenced compounds. Along with the 
Amendment, Applicants demonstrated support for thalidomide, carmustine, pamidronate, 
prednisone, erythropoietin and bisphosphonate in DeVita et al, which is cited in paragraph 93 of 
the specification. The written description relied upon in DeVita et al. is incorporated into the 
description of the specification. 

Vincristine and interferon alpha-2a 

Applicants disagree that the specification fails to provide proper antecedent basis for 
vincristine and interferon alpha-2a. 

Vincristine and interferon alpha-2a are clearly supported by the specification, at least at 
paragraph 91, which recites "[i]n other therapeutic treatments, the antibodies, antibody fragments 
or conjugates of the invention are co-administered, or administered sequentially, with one or 
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more additional therapeutic agents. Suitable therapeutic agents include, but are not limited to, 
cytotoxic or cytostatic agents." In addition, paragraph 83 defines vincristine as a Cytotoxic agent, 
and paragraph 92 defines interferon alpha-2a as a therapeutic agent. 
Accordingly, withdrawal of this objection is kindly requested. 

IV, Claim Objections 

A. Claims 4 and 5 Are Cancelled 

At paragraph 10 of the Office Action, the Examiner objects to claims 4 and 5 as being of 
improper dependent form for failing to further limit the subject matter of a previous claim. 
Applicants cancel claims 4 and 5, therefore the objection is moot. 

B. Objection to Claim 15 is Overcome 

At paragraph 1 1 of the Office Action, the Examiner has objected to claim 15 as 
containing an improper Markush group. 

Amended claim 15 is in proper Markush group format 
Accordingly, the objection is overcome. 

C. Objection to Claims 22, 30, 31 and 34 is Stayed 

At section c. on page 7 of the Office Action, the Examiner has objected to claims 22, 30, 
31 and 34 as being drawn to a non-elected invention. 

Applicants have requested rejoinder of the non-elected claims of Group III (claims 20, 
21, 25, 28 and 29), drawn to a method of treating a patient having a cancer using the 
compositions of Group I. Applicants maintain claims 22, 30, 31 and 34, and their dependency 
from a non-elected invention, pending further prosecution. 

V. Claims 1-3, 6, 8-14, 16-18, 19, 22, 30 and 32-34 Are Definite Under 35 U.S.C. §112, 
Second Paragraph 

At paragraph 13 of the Office Action, claims 1-6, 8-14, 16-18, 19, 22, 30 and 32-34 are 
rejected under 35 U.S.C. §1 12, second paragraph, as being indefinite. 
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A. Claims 1-3, 6, 19, 22 and 32 Are Definite Under 35 U.S.C. §112 

In section (a) of the rejection, the Examiner alleges that claims 1-6, 19, 22 and 32 are 
indefinite because while claim 1 is directed to antibodies (a polypeptide), the claim recites 
nucleotide mutations, deletions and insertions. 

Applicants amend claim 1 to delete die recitation of nucleotide mutations, deletions and 
insertions. Therefore the rejection is overcome. 

B. Claims 1-3, 6, 19, 22 and 32 Are Definite Under 35 U.S.C. §112 

In section (b) of the rejection, the Examiner alleges that claims 1-6, 19, 22 and 32 are 
indefinite because while claim 1 recites an antibody having the same amino acid sequence as the 
EMI 64 antibody, murine antibodies are comprised of four different chains which each comprise 
separate amino acid sequences. The Examiner alleges that it is unclear to which of the sequences 
the claims are directed. The Examiner also alleges that reference to the antibody fragment is 
unclear, 

Applicants amended claim 1 overcomes the first portion of the rejection, since the 
language objected to by the Examiner is no longer recited in the claim. As to the second portion 
of the rejection, the claim is clear as written. However, solely for the purpose of advancing 
prosecution and to better capture the envisioned commercial embodiments, Applicants amend 
claim 1 to more clearly indicate that the fragments refer to the claimed antibody. 

In view of the above remarks and amendments to the claims, the Examiner is requested, 
respectfully, to reconsider and withdraw this rejection. 

C. Claims 2,17 and 30 Are Definite 

In section (c) of the rejection, the Examiner notes that claims 2, 17 and 30 contain the 
trademark/trade names Herceptin, Avastin, Ritiixan, Zevalin, Velcade, Tarceva, Cetuximab, 
Abx-EGF, and that claims 32-34 contain the trademark/trade name VELCADE, The Examiner 
asserts that the use of a trademark or trade name in a claim renders the claim indefinite. 

Applicants amend claims 2, 17, 30 and 32-34 to delete recitation of the noted terms from 
the claims. Accordingly, the rejection is overcome. 
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D. Claims 8-14 and 16 Are Definite 

In section (d) of the rejection, the Examiner alleges that the recitation in claims 8-14 and 
16 of "represented by" renders the claims indefinite. 

Without agreeing with the Examiner, solely to advance prosecution, Applicants amend 
claims 8-14 and 16 to replace "represented by" with "of." 

Accordingly, the rejection is overcome. 

E. Claims 4 and 5 Are Cancelled 

In seetion (e) of the rejection, the Examiner alleges that claims 4 and 5 are indefinite 
because while claims 4 and 5 recite process limitations, the claim from which they depend (claim 
I) is a product claim. 

Applicants cancel claims 4 and 5, therefore the rejection is moot. 

F. Claim 32 is Definite 

In section (f) of the rejection, the Examiner alleges that the limitation in claim 32 of "the 
method of claim 1" renders the claim indefinite because claim 1 is a product claim and not a 
method claim. 

Applicants amend claim 32 to recite "the composition of claim 1 ." 
Accordingly, the rejection is overcome. 

VI. Rejection of Claims 1-1.9, 22, 32 and 33 Under 35 U.S.C. §1 12, First Paragraph, is 
Moot in Part and Traversed in Part 

A. 

At paragraph 15 of the Office Action, claims 1-19, 22, 32 and 3 3 are rejected under 35 
U.S.C. §112, first paragraph, as allegedly lacking written description support in the specification. 

1. Rejection of Claims 1-6, 19, 22 and 32 Under 35 U.S.C. §112, First 
Paragraph is Overcome 

The Examiner notes that claims 1-6, 19, 22 and 32 are directed to functional equivalents 

or variant antibodies having at least one amino acid mutation, deletion or insertion, compared to 

murine antibody EM 1 64. 
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Without agreeing with the Examiner and solely to advance prosecution, Applicants 
amend claim 1, therefore the rejection is overcome. 

2. Rejection of Claims 7-18 and 33 Under 35 U.S.C. §1 12, First 
Paragraph 

a, At page 1 0 of the Office Action, the Examiner alleges that claims 7- 1 8 and 33 are 
directed to antibodies or fragments that do not necessarily bind to any one antigen. 

Without agreeing with the Examiner and solely to advance prosecution, Applicants 
amend claims 7-18 and 33 to specifically recite antigen specificity. Accordingly, the rejection is 
overcome. 

b. The Examiner asserts that the specification teaches antibodies and fragments that 
bind IGF-IR, comprising each of the six CDRs of EM164, but alleges that Applicants fail to 
describe any such antibody lacking one or more of the CDRs but retaining the binding 
specificity. 

Applicants amend claim 7 to recite three sequential CDRs. Applicants find support for 
amended claim 7 in at least paragraph 74 of the specification. 

Accordingly, withdrawal of this aspect of the rejection is kindly requested. 

e. The Examiner notes that while the specification teaches antibodies and fragments 
that bind IGF-IR, it allegedly fails to describe any other heavy or light chain variable regions that 
are 90-95% identical to the heavy and light chains of one of SEQ ID NOs:7-13 that retain the 
binding activity. 

Applicants disagree with the Examiner's position and traverse the rejection. Applicants 
assert that the specification includes specific examples of sequence homologues. For example, 
claim 15 recites four homologues of the light chain, and claim 1 6 recites one heavy chain 
homologue. The specification provides adequate written description of the homologues at least 
at paragraph 67. 

In addition, Applicants assert that the claims in the instant application are directed to a 
composition comprising (a) an antibody . . . and (b) a therapeutic agent. The specification 
exemplifies the antibody as at least an isolated antibody that hinds to IGF-IR (e.g., EM164). 
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EM 164 was sequenced and humanized and was determined to have heavy chain variable region 
sequences which are set forth in SEQ ID NOS.:7 (murine) and 9 (humanized), and light chain 
variable region sequences which are set forth in SEQ ID NOS:8 (murine) and 10 (humanized). 
The specification also teaches antibodies or fragments thereof produced by, at least, mutation, 
deletion and/or insertion within the variable and/or constant region sequences that flank a 
particular set of CDRs (paragraph 68) or polypeptides (e.g., antibodies) with amino acids 
substantially the same as the amino acid sequence of the variable or hypervariable regions of the 
antibodies of the invention (paragraph 71). Furthermore, the specification teaches that "[t]he 
variability is not usually evenly distributed through the variable domains of the antibodies. It is 
typically concentrated in three segments called complementarity determining regions (CDRs) or 
hypervariable regions both in the light chain and the heavy chain variable domains." See 
paragraph 68, column 6, lines 4-9, The CDR sequences are taught at least by SEQ ID NOS ; 1 -6 
and are encompassed in the heavy chain and the light chain variable region sequences set forth, 
The specification teaches mutation, deletion and/or insertion within the variable and/or constant 
region sequences that flank a particular set of CDRs {paragraph 63) and teaches an assay for 
determining binding activity of the antibody to the IGF-IR (for example, see paragraph 1 17 
under the title "Binding Characterization of EM 164 Antibody"). 

Furthermore, the claims are directed to encompass an antibody with the same specificity 
as EM 164, wherein said antibody has in the heavy chain variable region at least 90% sequence 
identity to an amino acid sequence set forth in SEQ ID NOS: 7 or 9 or in the said light chain 
variable region at least 90% sequence identity to an amino acid sequence set forth in SEQ ID 
NOS:8 or 10 and specifically bind to IGF-IR. 

The invention has at least two additional aspects, the first being an antibody which 
comprises a heavy chain variable region defined by at least SEQ ID NOS:7 or 9 or a light chain 
variable region defined by at least SEQ ID NOS: 8 or 10 and the second being an antibody in 
which the heavy chain variable regions retain the specificity of at least SEQ ID NOS: 7 or 9 or 
the light chain variable regions which retain the specificity of at least SEQ ID NOS:8 or 10. 



34 



AMENDMENT UNDER 37 C.F.R. §§ 1.111 and 1.121 
U.S. Application No, 10/729,441 



A8689 



The specification teaches an antibody having a heavy chain variable region defined by at 
least SEQ ID NQS;7 or 9 or a light chain variable region defined by at least SEQ ID NOS:8 or 
10 or additional EMI 64 specific antibodies or fragments thereof having 90% identity to the 
heavy chain variable region defined by at least SEQ ID NOS:7 or 9 or a light chain variable 
region defined by at least SEQ ID NOS:8 or 10 and having binding affinity to IGF-IR. The 
procedures for making such antibodies or fragments containing the heavy chain variable region 
defined by SEQ ID NOS:7 or 9 or a light chain variable region defined by at least SEQ ID 
NOS:8 or 10 are taught and known in the art. An assay is taught which identifies other antibodies 
having the claimed IGF-IR binding specificity. Moreover procedures for making antibodies or 
fragments containing the heavy chain variable region defined at least by SEQ ID NOS:7 or 9 or a 
light chain variable region defined at least by SEQ ID NOS:8 or 10 which have 90% identity to 
the heavy chain variable region defined at least by SEQ ID NOS:7 or 9 or a light chain variable 
region defined at least by SEQ ID NOS:8 or 10, which retain specificity, are known in the art. 
The specification explicitly states that all varieties must confer binding activity and must have at 
least 90% identity to the variable regions (paragraph 71). 

Accordingly, withdrawal of this rejection is kindly requested. 

B, Claims 7, 17, 18 and 33 Are Adequately Supported by the Specification 
Under 35 U.S.C. §112, First Paragraph 

At paragraph 16 of the Office Action, claims 7, 17, 18 and 33 are rejected under 35 
U.S.C. §112, first paragraph, as lacking adequate written description support in the specification. 

Without agreeing with the Examiner and solely to advance prosecution, Applicants 
amend claim 7 by deleting recitation of SEQ ID NOS:4-6. 

Accordingly, the rejection is overcome. 

C Claims 2, 17, 30 and 32-34 Are Supported Under 35 U.S.C. §112, First 
Paragraph 

At paragraph 17 of the Office Action, claims 2, 17, 30 and 3 2-34 are rejected under 35 
U.S.C. § 1 12, first paragraph, as lacking written description support in the specification. 
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1. With regard to recitation of thalidomide, carmustine, pamidronate, prednisone, 
erythropoietin and bisphosphonate in the noted claims, the Examiner alleges that the 
specification does not "particularly point" to disclosures in DeVita et al. (cited in paragraph 93 
of the specification, incorporated by reference at 69, paragraph 181 of the specification) that 
describe the noted compounds. As such, the Examiner has taken the position that recitation of 
these compounds in the rejected claims is an allegedly improper introduction of new matter into 
the claims, 

MPEP §2 163.07(b) states that information incorporated by reference is as much a part of 
the application as filed as if the text was repeated in the application, and should be treated as part 
of the text of the application as filed. Applicants amendment to the specification includes 
verbatim relevant portions of DeVita et aL, support for which can be found as follows: 
thalidomide, carmustine, pamidronate, prednisone, erythropoietin and bisphosphonate at least at 
page 3082, column 2 to 3083, column 1; page 2830, column 2, last paragraph; page 2829, 
column 1 ; 2644., column 1, first full paragraph; page 2579, last paragraph; page 2579, last 
paragraph; page 2365, column 2, last paragraph; page 2361, column 2 and page 2363, column 1; 
page 2359, column 2 - 2360, column 1 ; page 2359, column 1 , of DeVita et al, respectively. 

Accordingly, withdrawal of this rejection is kindly requested. 

2. With regard to recitation of interferon alpha-2oc and vincristine, the Examiner 
alleges that recitation of these compounds in the claims lacks support in the specification and 
thus constitutes new matter. The Examiner further alleges that paragraphs 83 and 92, cited in 
support of this rejection, only describes the noted compound as a cancer therapeutic agent, and 
not a second therapeutic agent. 

Applicants point to paragraph 91 of the specification which states "[i]n other therapeutic 
treatments, the antibodies, antibody fragments or conjugates of the invention are co- 
administered, or administered sequentially, with one or more additional therapeutic agents ." 
Paragraph 92 defines interferon alpha-2a as a therapeutic agent . Paragraph 83 defiines 
vincristine as a cytotoxic agent. Thus, mere is clear support for the recitation of interferon alpha- 
2a and vincristinein the claims. 
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Accordingly, withdrawal of this rejection is kindly requested. 

D. Claims 1-3, 6, 19, 22-24, 26, 27, 30-32 and 34 Are Enabled Under 35 
U.S.C. §112, First Paragraph 

At paragraph 1 8 of the Office Action, claims 1-6, 19, 22-24, 26, 27, 30-32 and 34 are 
rejected under 35 U.S.C. §112, first paragraph, as allegedly being non-enabled. 

The Examiner alleges that claims 1-6, 19, 22-24, 26, 27, 30-32 and 34 are not enabled 
because the specification lacks complete deposit information for the deposit of antibody EM 164, 
and that a statement by Applicants that (i) the deposit will be replaced if the samples become 
non-viable, (ii) all restrictions upon public access to the deposit will be irrevocably removed 
upon the granting of a patent, and (iii) access io the deposit will be assured during pendency of 
the application, has not been filed. 

Applicants provide a copy of the deposit receipt and a signed statement that the deposit is 
the same as that referenced in the specification and that all restrictions upon public access will be 
irrevocably removed upon grant of a patent. 

Accordingly, withdrawal of this rejection is kindly requested. 

E. Rejection of Claims 1-19, 22-27 and 30-34 Under 35 U.S.C. §112, First 
Paragraph 

At paragraph 19 of the Office Action, claims 1-19, 22-27 and 30-34 are rejected under 35 
U.S.C. §112, first paragraph, as lacking enablement. 

For the following reasons, this rejection is traversed in part and overcome in part. 
The Examiner alleges that while the specification is enabling for an antibody or antibody 
fragment that specifically binds to IGF-IR, comprising all six CDRs of SEQ ID NOs:l-6, it is not 
enabling for (i) an antibody or fragment that comprises (a) at least one CDR selected from SEQ 
ID NOs: 1 -6, (b) all six CDRs, (c) heavy or light chain homologues of 90-95%, or (d) a heavy or 
light chain represented by SEQ ID NO:7 or 8, wherein the antibody or fragment does not bind 
IGF-IR, or (ii) an antibody or fragment that binds IGF-IR comprising (a) at least one CDR 
selected from SEQ ID NOs:l-6, or (b) heavy or light chain homologues of 90-95%. 
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(i) With respect to (ii), the Examiner alleges that the specification does not provide 
support for antibodies that "do not bind IGF-IR," Applicants amend claim 7 to recite that the 
antibodies and epitope binding fragments thereof have the same binding specificity as Murine 
antibody EM 164. 

Accordingly, withdrawal of this rejection is kindly requested. 

With respect to (ii) (a), Applicants' amended claim 7 recites, the composition of claim 1, 
wherein said antibody or said fragment comprises a heavy chain variable region and a light 
chain variable region, wherein said heavy chain variable region comprises three sequential 
complementarity-determining regions comprising the amino acid sequences of SEQ ID NOs: l-3, 
respectively. 

In addition, Applicants provide the Examiner with a copy of Holt et al. which provides a 
discussion of domain antibodies comprising only the three heavy chain CDRs. Holt et al. 
provides a detailed discussion on domain antibodies (dAbs), teaching that dAbs are antibody 
fragments consisting of only the variable region of the heavy chain (V H ) that retain the binding 
activity of the antibody from which they were derived. Holt et al. discusses fully human 
versions of domain antibodies, as well as murine versions. As noted at page 486, col. 2, third 
full paragraph, both human and mouse dAbs have been prepared that have high antigen 
specificity and binding affinity. As further noted in the conclusions section at page 489, the 
ability of dAbs to be affinity-matured by using in vitro selection, such as phage display, results in 
the rapid generation of very specific, high-affinity dAbs. 

Applicants also provide the Examiner with copies of Aires da Silva et al. (J. Mol. Biol., 
340:525-542 (2004)), Tanaka et al. (J. Mol. Biol, 331:1 109-1 120 (2003), and Peterson 
(Advances in Monoclonal Antibody Technology: Genetic Engineering of Mice, Cells and 
Immunoglobulins, Peterson NC, ILAR J. 46(3):3 14-3 19 (2005)) which further educates the 
Examiner on these issues. 

With respect to (iii) (b), Applicants contend that one of ordinary skill in the art would 
understand that changes to the heavy and light chain variable regions can easily be made without 
changing the specificity of the antibody. Applicants refer the Examiner to paragraphs 68 and 75- 

38 



AMENDMENT UNDER 37 CF.R. §§ 1.11.1 and 1.121 
U.S. Application No. 10/729,441 



A8689 



76 of the specification which reference a large number of published materials (e.g., journal 
articles and patents) that teach how changes can be made in an antibody sequence to make the 
homologues recited in the rejected claims, thus providing the skilled artisan with the tools to 
make and test the homologues. 

More specifically with regard to the EM164 antibody of the instant invention, Example 2 
(paragraphs 160-179) of the application teaches a detailed explanation of how to conceive, 
construct, test and use antibody homologues. Rajpal, et al disclose that comprehensive 
optimization maps of an antibody site can be developed in facile and rapid manner. Rajpal, et al, 
page 8466. In view of Applicants' teachings, and the disclosure of Rajpal, et al, one of ordinary 
skill in the art would appreciate that changes to the heavy and light chain variable regions can 
easily be made without changing the specificity of the antibody. 

Accordingly, withdrawal of this rejection is kindly requested. 

VII. The Claims Are Novel Under 35 U.S.C. §102 

A. Claims 1, 4-6, 8-14, 16, 19 and 22 Are Novel Under 35 U.S.C. §102(b) 
At paragraph 21 of the Office Action, claims 1, 4-6, 8-14, 16, 19 and 22 are rejected 

under 35 U.S.C. § 102(b) as being anticipated by Zia etal (JCB Suppl. 24:269-275 (1996)). 

The Examiner alleges that Zia et al discloses an antibody (IR-3) that specifically binds 

IGF-IR, and teaches conjugating the antibody to i25 I, where 125 I is considered to be a second 

agent 

Applicants respectfully disagree with the Examiner. Pending claim 1 recites antibodies 
and fragments thereof which bind IGF-IR and have the same binding specificity as the EM 1 64 
antibody. Zia et al disclose an alpha IR-3 antibody with a different specificity as the EMI 64 
antibody. The EM 1 64 anitbody does not agonize the IGF-IR, whereas alpha IR-3 does. For 
example, Kato etal describe the same alpha IR-3 antibody as inducing receptor 
autophosphorylation, activating phosphatidylinositol-3 -kinase and 2-deoxyglucose uptake, 
inducing ornithine decarboxylase gene expression, and stimulating thymidine incorporation. 
(See Kato et al, throughout). Theses results are confirmed by an independent laboratory using 
the same alpha IR-3, in which antibody alpha IR-3 was capable of mimicking the ability of IGFI 
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to stimulate three different biological responses in the CHOIGFIR cells. (See Steele-Perkins et 
al, page 1 1491). In fact, the investigators concluded that alpha IR-3 stimulated the serine 
phosphory lation of the receptor (Fig, 5), "This is further evidence that the antibody is capable of 
stimulating the same responses as IGF-L" Consistent with these prior studies, Zia et al point out 
that the alpha IR-3 antibody was not potent in inhibiting breast tumors. 

Since the alpha IR-3 antibody does not have the same specificity as Applicants' EM 164 
antibody it cannot anticipate the claims and therefore the rejection should be withdrawn. 

The Examiner's assertion that Zia et al. have shown the efficacy of !25 I-linked to the IR3 
antibody is also incorrect. The !25 I-linked to IR3 antibody was used for tumor distribution 
analysis, not efficacy. Since Zia etal do not disclose an antagonist which specifically binds to 
IGF-I receptor, it cannot anticipate Applicants' claims. 

Further, Applicants amendment to claim 1 moots this rejection. 

Accordingly, withdrawal of this rejection is kindly requested. 

B, Claims 7-11, 16, 19 and 22 Are Novel Under 35 U.S.C. §102(b) 

At paragraph 22 of the Office Action, claims 7-1 1, 16, 19 and 22 are rejected under 35 
U.S.C. § 102(b) as allegedly being anticipated by Kettleborough (USP 5,844,093; issued 
December 1, 1998). 

The Examiner alleges that Kettleborough teaches an antibody having a CDR identical to 
the CDR set forth in SEQ ID NOT. 

Applicants assert that SEQ ID NO.:l and the sequence in Kettleborough are not identical, 
since SEQ ID NO.;l is directed to a light chain CDR of an antibody that specifically binds IGF-I 
receptor, whereas the sequence disclosed by Kettleborough is directed to EGFR. 

Applicants also assert that SEQ ID NO.: 1 is directed to a heavy chain CDR, whereas the 
sequence disclosed in Kettleborough is directed to a protein, and is claimed as a variable region 
of the single chain Fv. Kettleborough does not teach that the 119 amino acid sequence is useful 
as a heavy chain CDR. 

In addition, Applicants' amended claims do not recite a single CDR, but three sequential 
CDRs. Since Kettleborough teaches only one CDR, it cannot anticipate Applicants' claims. 
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Accordingly, withdrawal of this rejection is kindly requested. 

C. Claims 7-8 and 12-15 Are Novel Under 35 U.S.C. §102(b) 

At paragraph 23 of the Office Action, claims 7-8 and 12-15 are rejected under 35 
U.S.C, § 102(b) as being anticipated by Do Couto (USP 6,309,636; issued October 30, 2001). 

The Examiner alleges that Do Couto teaches an antibody having a CDR identical to die 
CDR set forth in SEQ ID NO:6. 

Applicants assert that SEQ ID NO.:6 and the sequence in Du Couto are not identical, 
since SEQ ID NO.:6 is directed to an antibody that specifically binds IGF-I receptor, whereas the 
sequence disclosed by Du Couto is directed to a human milk fat globule (HMFG) antigen. 

Applicants also assert that SEQ ID NO.:6 is directed to a antibody light chain CDR, 
whereas the sequence disclosed in Du Couto is directed to a generic protein, and is never recited 
in any claim. The Du Couto sequence therefore teaches almost nothing. Du Couto certainly 
does not teach that the 34 amino acid sequence is useful as a light chain CDR. 

In addition, Applicants' amended claims do not recite a single CDR, but three sequential 
CRDs. Since Du Couto teaches only one CDR, it cannot anticipate Applicants' claims. 

Accordingly, withdrawal of this rejection of claim 7 is kindly requested. 

As to the rejection of claims 8-11,16, 19 and 22, Kettleborough et al. does not recite 
sequences in Applicant's claims. 

Accordingly , withdrawal of this rejection is kindly requested. 

As to claims 8 and 12-15 , none of these claims is limited to an antibody comprising only 
SEQ ID NO:6. Do Couto does not recite any sequences recited in claims 8 and 12-1 5 and 
therefore cannot anticipate the claims. 

Accordingly, withdrawal of this rejection is kindly requested. 

D. Claims 8-17, 19 and 33 Are Novel Under 35 U.S.C. §102{b) 

At paragraph 24 of the Office Action, claims 8-17, 19 and 33 are rejected under 35 
U.S.C. § 102(b) as being anticipated by Tan {Cancer Res., Feb. 15, 2002), as evidenced by Queen 
(USP 5,530,101; issued June 25, 1996). 
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The Examiner interprets the claims as being drawn to a composition comprising an 
antibody having an amino acid sequence of at least two consecutive amino acids in length from 
the CPRs of SEQ ID NOs:l-6 or an amino acid sequence at least two amino acids in length 
represented by SEQ ID NOs:7-13, and a second agent. 

It is very difficult for Applicants to address this rejection as the Examiner does not 
provide any explanation as to why he has interpreted the claims as encompassing antibodies 
having amino acids sequences of at least two consecutive amino acids from the sequences set 
forth in SEQ ID NOs:l-6 and 7-13, and since the Examiner refers to a humanized, anti-Tac 
antibody in combination with PS-341 (bortezomib) even though an anti-TAC antibody does not 
appear to be disclosed in Tan et al. 

Assuming the Examiner is referring to anti-HAT, the Examiner has not demonstrated that 
the HAT antibody of Tan etal. comprises any of the sequences of the antibodies of the pending 
claims. In fact, Tan et al. do not disclose a single polypeptide sequence. Furthermore, anti-HAT 
is specific for the alpha domain of IL-2R, not IGF-I receptor. Accordingly, the Examiner clearly 
has not established that Tan et al teaches each and every limitation of the pending claims. 

In addition, Applicants have amended the pending claims to include the same binding 
specificity as murine antibody EMI 64. The Examiner provides no evidence that the HAT 
antibody of Tan binds IGF-IR, nor would the antibody be expected to do so since it is not 
specific for IGF-IR. 

Accordingly, withdrawal of this rejection is kindly requested. 

E, Claims 1-3, 6-18, 19, 22, 24, 26, 27, 30 and 31 Are Novel Under 35 
U.S.C. §102(a) 

At paragraph 25 of the Office Action, claims 1-18, 19, 22, 24, 26, 27, 30 and 3 1 are 
rejected under 35 U.S.C, § 1 02(a) as allegedly being anticipated by Maloney et al (Can. Res.; 
August 15, 2003). 

The Examiner alleges that Maloney discloses the EM 164 antibody in a composition with 
gemcitabme. 
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Maloney is the inventor's own work. Applicants submit a Declaration Under 37 
C.F.R. §1.132 by Rajeeva Singh and Nancy Dagdigian, executed February 28, 2007, stating that 
Maloney is a publication of their own work and that the inventorship of the application is correct. 

Accordingly, withdrawal of this rejection is kindly requested. 

F. Rejection of Claims 1, 4-6, 19 and 22 Under 35 U.S.C. §102(b) is Overcome 

At paragraph 26 of the Office Action, claims 1 5 4-6, 19 and 22 are rejected under 35 
U.S.C. § 102(b) as being anticipated by Rohlik etal. (BBRC; Nov. 30, 1987), 

The Examiner alleges that Rohlik teaches an alpha IR-3 antibody with the same binding 
specificity as the EM 164 antibody, and therefore the alpha IR-3 antibody is a functional 
equivalent of the EM 164 antibody recited in claim 1. 

Applicants respectfully disagree with the Examiner for the same reasons set forth above, 
in VII A, incorporated herein. Rohlik discloses an alpha IR-3 antibody with a different 
specificity as the EM 164 antibody. 

Since die alpha IR-3 antibody does not have the same specificity as Applicants' EMI 64 
antibody it cannot anticipate the claims and therefore the rejection should be withdrawn. 

Accordingly, withdrawal of this rejection is kindly requested. 

Vllt Rejections of Claims 1-2 and 32 Under 35 U.S.C. §103 is Traversed 

At paragraph 29 of the Office Action, claims 1-2 and 32 are rejected as being 
unpatentable under 35 U.S.C. § 103(a) over Rohlik et al. (BBRC; Nov. 3D, 1987) in view of 
Teicher et al. (Clin, Can Res.; Sept. 1999). 

The Examiner alleges that Rohlik teaches an alpha IR-3 antibody with the same binding 
specificity as the EM 164 antibody, and therefore the alpha IR-3 antibody is a functional 
equivalent of the EM 164 antibody recited in claim 1. The Examiner further alleges that Teicher 
teaches the proteasome inhibitor PS-341 (bortezomib), and that it would have hem prima facie 
obvious to make a composition comprising the alpha IR-3 antibody and PS-341 for use in the 
inhibition of growth of MCF-7 cells. 
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Applicants respectfully disagree with the Examiner for the same reasons set forth above, 
in VII F, incorporated herein, Rohlik discloses an alpha IR-3 antibody with a different 
specificity as the EM164 antibody. 

Since the alpha IR-3 antibody does not have the same specificity as Applicants' EM 164 
antibody it cannot anticipate the claims and therefore the rejection should be withdrawn. 

Accordingly » withdrawal of this rejection is kindly requested. 

IX. Double Patenting 

A. Provisional Rejection of Claims 1-18, 23 and 32-33 is Stayed 

At paragraph 3 1 of the Office Action, claims 1-18, 23 and 32-33 are provisionally 
rejected on the grounds of non-statutory obviousness-type double patenting as being 
unpatentable over claims 1-27 of the co-pending parent application (appln. no. 10/170,390), in 
view Teicher et al 

Both applications are pending therefore the Examiner is requested to hold the rejection in 
abeyance. 

B. Provisional Rejection of Claims 19, 22, 24, 26, 27, 30 and 34 is Stayed 

At paragraph 32 of the Office Action, claims 19, 22, 24, 26, 27, 30 and 34 are also 
provisionally rejected on the grounds of non-statutory obviousness-type double patenting as 
being unpatentable over claim 30 of the parent application, in view Teicher et al 

The Examiner alleges that claim 30 of the parent application encompasses the scope of 
claims 19, 22, 24, 26, 27, 30 and 34 of the instant application. 

Because both applications are pending the rejection is stayed. 

In view of the above, reconsideration and allowance of this application are now believed 
to be in order, and such actions are hereby solicited. If any points remain in issue which the 
Examiner feels may be best resolved through a personal or telephone interview, the Examiner is 
kindly requested to contact the undersigned at the telephone number listed below. 
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The USPTO is directed and authorized to charge all required fees, except for the Issue 
Fee and the Publication Fee, to Deposit Account No. 19-4880. Please also credit any 
overpayments to said Deposit Account. 

Respectfully submitted, 
/William J. Simmons/ 
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Advances in Monoclonal Antibody Technology: Genetic Engineering of Mice, Cells, 
and Immunoglobulins 
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Abstract 

The ability to produce antibodies that are directed against 
specific antigens has played a crucial role in advancing 
scientific discoveries. Recombinant technologies have ex- 
tended the application of antibodies beyond the research 
laboratory and into the clinic for the treatment of cancer and 
other diseases. Creative approaches using these technolo- 
gies have been used to reduce the antibody to its minimal 
functional size, and/or make them Afunctional (immuno- 
toxins), bispecifie, or less immunoreactive (humanized). 
Additionally, mice that are engineered to generate antibod- 
ies of human genomic origin have been used to produce 
therapeutic antibodies and are being further developed. As 
the research and clinical demands for antibodies continue to 
increase, the development of improved resources (cell lines 
and animals) to improve production efficiency, generate 
larger repertoires, and deliver greater yields of antibodies is 
being explored, and advances in this area are discussed 
further in this review. 

Key Words: antibody; apoptosis; hybridoma; immuno- 
therapy; single chain Fv; tissue culture 



Introduction 

oon after it was realized that antibodies with desired 
specificity could be mass-produced, the concept that 
they could be used as "magic bullets" to target dis- 
ease-associated proteins was born. The development of 
technology to clone and sequence immunoglobulin genes 
provided the tools necessary to construct antibody-based 
molecules and fusion proteins for the treatment and diag- 
nosis of cancer, rheumatoid arthritis, and infectious dis- 
eases. In 2003, the US Food and Drug Administration 
approved 14 antibody-based pharmaceuticals, of which 70 
were in late-stage clinical trials (Phase 11+) and > 1000 were 
in preclinical development (reviewed in Stockwin and 
Holmes 2003). 

Additional growth in the area of hybridoma and mono- 
clonal antibody production technology is projected as g&- 
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nomic and proteomic high-throughput programs identify 
new proteins that will require imrrtunoanalyses and/or pu- 
rification for further characterization. Although standard 
procedures for generating antibodies of desired specificity 
have been used for approximately 30 yr, the development of 
more efficient techniques and resources would be a boon for 
biomedical research. 

Antibody Engineering 

Early studies demonstrated that when monoclonal antibod- 
ies (MAbs 1 ) directed against tumor cell antigens were in- 
jected into mouse models, they inhibited the growth of 
tumors expressing the targeted antigens (Drebin et al. 1988). 
Although somewhat effective in human clinical trials, the 
neutralizing effects of the human antimouse antibodies that 
were elicited in response to the administration of these 
mouse-derived proteins reduced their effectiveness as diag- 
nostic and therapeutic agents and raised concerns over the 
, . ii itmen a sot ated inapl \l\js (Ritteret al 2001). 
"Humanization" of the mouse-derived MAbs has been the 
most widely used strategy to reduce their imniunogenieity 
for therapeutic purposes in people. To humanize a mouse 
MAb, its modeled structure is compared with that of hu- 
man immunoglobulin (Ig 1 ) protein structures (allotypes) to 
identify the closest match. Recombinant approaches are 
then used to graft the complementarity (or specifieity)- 
determining regions (CDRs 1 ) from the mouse-derived hy- 
bridoma Ig cDNA to the corresponding regions of the 
matched human Ig cDNA. The CDRs (described below), 
which give the antibody its affinity, are relatively small, 
hence the newly formed recombinant protein produced from 
the expression of this construct has die specificity of the 
mouse Ig but is less likely to be recognized as being foreign 
by the human immune system. 

Because of their large size, it is often difficult to ma- 
nipulate and express antibody genes. To overcome this limi- 
tation, various recombinant antibody-like forms and 
peptides have been produced using a reductionist's ap- 
proach (reviewed in Peterson (1996) (Figure 1). The small- 
est functional unit of an antibody to be produced has been 
the CDR peptides {Figure 1 C). Depending on which CDR is 



'Abbreviations used in this article: CDR, compkmentariiy-determiiiing 
region: CHO, Chinese hamster ovary: 171 A. exotoxin A; Ig, immunoglob- 
ulin; MAb. monoclonal antibody, scFv. single chain fragment v.iriabie; Ig, 
immunoglobulin; TSA. transitional state analogue; VH, variable heavy; 
VL, variable light. 
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Figure 1 Schematic of antibody-derived molecules. (A) Antibod- 
ies (immunoglobulin G) are naturally produced by B cells and are 
composed of two heavy and two light chains joined by disulfide 
bonds. The variable regions (variable heavy [VH] and light [VL]) 
are stippled. (B) Fabs were the first small antibody forms made by 
proteolytic digestion with papain. (C) The VH and VL legions 
each contain three complementarity-determining regions whose 
sequences can be used to synthesize CDR peptides. (D) In a single 
chain fragment variable (scFv) molecule, the VH and VL regions 
are held together by a glycine-serine linker (dark line!. (E) Di- 
' abodies form when the linker spanning the VH and VL is short- 
ened. (F) scFv-toxin fusion protein. 



produced, it can vary in length from eight to 20 amino acids. 
The CDRs may be thought of as fingertips, which make 
contact with an object, and the framework regions of an 
antibody chain as being analogous to the hand and fingers, 
which hold things in place. The affinity of a CDR is -tested 
by its ability to compete with the parental antibody at its 
binding site, Berezov and colleagues (2001) demonstrated 
that a peptide designed from the sequence of the third CDR 
of an anti-Her2/neu antibody heavy chain sequence was 
able to bind to the receptor and disable its tyrosine kinase 
activity. Another biologically active peptide derived from 
an antineurokinin receptor antibody by Wijkhuisen and 
coworkers (2003) was capable of antagonizing substance 
P-induced cAMP production. These results among others 
exemplify the potential for antibodies to provide a scaffold 
from which small molecule therapeutics and diagnostic 
compounds can be made (Muraii and Greene 1998). 

Because an antibody uses multiple CDRs to bind to an 
epitope and peptides lack three-dimensional structure, anti- 
body-based peptides have significantly less affinity than 
their multivalent parental antibodies. This characteristic 
may consequently limit their practical application. Recom- 
binant approaches have led to the development of single 
chain fragment variables (scFvs 1 ), which are monovalent 
and about one third the size of an antibody (Figure ID). The 
Fv section of an antibody is limited to that portion of the 
heavy and light chains that each contain the three CDRs and 
framework regions. It is smaller than a Fab (Figure IB) in 
that the scFv does not include the first constant region with 
disulfide bounds that link the heavy and light chains to- 



gether. The recombinant single chain is formed by the tan- 
dem arrangement of the heavy chain and light chain 
sequences joined by a flexible linker typically composed of 
glycines and serines (g!y-gly-ser) 5 . When expressed in bac- 
teria or eukaryotic cells, the scFv folds into a conformation 
that is similar to the respective region of its parental anti- 
body, and it retains comparable affinity to that of a Fab 
(Korttet al. 1994). 

Once produced, scFvs are amendable to various genetic 
modifications such as humanization and the production of 
novel fusion proteins to enhance their potential as therapeu- 
tic agents. The latter may be necessary to compensate for 
their lack of an Fc to stimulate effector function and con- 
sequential cell killing. Clinical trials using Pexelizumab, ,a 
humanized scFv that binds to the C5 component of comple- 
ment, has been shown to significantly reduce myocardial 
infarctions associated with coronary artery bypass graft sur- 
geries in people (Verrier et al. 2004). ScFvs that adhere to 
various cancer-associated antigens have also been modified 
to deliver toxins and chemotherapeutics to solid tumors 
(Figure IF). By genetically fusing a truncated form of Pseu- 
domonas aeruginosa exotoxin A (ETA 1 ) to a humanized 
scFv that has affinity for the proto-oncogenic epithelial cell 
adhesion molecule, Di Paolo and colleagues (2003) devel- 
oped an immunotoxin that inhibited the growth of lung, 
colon, and squamous cell carcinomas in xenografted mice. 
An additional cysteine residue was placed at the C-terminus 
of a antiendoglin scFv by Volkel and coworkers (2004) so 
that it could be chemically coupled to doxorubicin-loaded 
liposomes .for specific delivery to proliferating endothelial 
cells, such as found in tumors. These examples illustrate the 
dynamic potential of recombinant antibody-fusion mol- 
ecules in clinical medicine. 

Several IgG/M antibodies have been reported to induce 
cellular growth/differentiation and apoptosis. These interac- 
tions often depend on the antibody being multivalent in 
order to promote bound receptor aggregation and activation, 
Reduction of the linker length of the scFvs to between three 
and 12 residues prevents the monomeric configuration of 
the scFv molecule and favors intermolecul.ar variable heavy 
(VH')-variable light (VL 1 ) pairing with the formation of a 
noncovalent scFv dimer "diabody" (Holliger et al. 1993) 
(Figure 1 E). Further reducing the linker length to fewer than 
three residues can, in some cases, result in the formation of 
trimers (Kortt et al. 1997) or even tetramers (Le Gall et al. 
1999). Using this approach, Kikuchi and colleagues pro- 
duced a monovalent scFv and diabody from an antt-CD47 
antibody, which induced apoptosis in leukemic cells (Kiku- 
chi et al. 2004), Interestingly, the monovalent scFv (con- 
structed with a longer spacer) had no biological effect, 
whereas the anti-CD47 diabody acted similarly to its paren- 
tal antibody and induced apopotosis in leukemic cells that 
expressed the receptor. By using a synthetic interlocking 
helix motif, Peterson and Greene (1998) also produced 
scFvs that formed bivalent dimers. The bacterially ex- 
pressed bivalent anti-Her2/neu scFv was significantly more 
effective at causing cell-surface down-modulation of the 
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oncogenic receptor than the monovalent form of the mol- 
ecule. Bivalency can also be provided by the fusion of an 
antireceptor scFv with the receptor's ligand. Bremer and 
colleagues (2004) used this strategy to cross-link EGP2 (Ep- 
CAM) receptors, which triggered apoptosis in cancer cells 
expressing this receptor. 

ScFvs of different specificity can also be linked together 
to produce bispecific antibodies that bind two different re- 
ceptors on single or different cells. The latter strategy has 
been commonly used to enhance the activation of T cells in 
proximity to targeted tumor cells. This approach was used 
by Kom and coworkers (2004) to produce a bispecific an- 
tibody-like form with an antiendoglin scFv (found on pro- 
liferating endothelial cell in tumors, mentioned above) and 
an anti-CD3 scFv, which is a cytotoxic T cell-activating 
receptor. In tissue culture assays, the diabody facilitated 
killing of endothelial cells, whereas cells that did not ex- 
press endoglin were unaffected. Using scFv and ligand se- 
quences, Schmidt and Wels (1996) also constructed a 
bispecific fusion protein to target both the ErbB-2 and 
epidermal growth factor receptors (respectively) that are 
.simultaneously expressed in various aggressive adenocarci- 
nomas. This construct also included an ETA sequence, and 
the bacterially expressed fusion protein inhibited the growth 
of A431 tumor xenografts in nude mice. From these obser- 
vations, it would appear that numerous combinations of 
scFvs and toxins could be made; however, the tendency for 
many ol thes nth - 7 1 fusion proteins lo fold improp- 
erly and form aggregates places limitations on these creative 
designs. 

Since the early 1990s, phage display of combinatorial 
heavy and light chain genes obtained from people and ani- 
mals have been explored as another means of generating 
antibody-like molecules (Marks et al. 199.1; Pini and Bracci 
2000). In this approach, large repertoires of antibody vari- 
able region cDNAs are collected from the B cells and com- 
binations of VHs and VLs are expressed in the form of 
scFvs on the surface of filamentous bacteriophage (Fig- 
ure 2). This method allows the phages that express scFvs 
with the appropriate specificity to be panned from antigen- 
coated plates. The affinity of an scFv may be improved by 
mutating the CDRs of the construct and then repeating the 
panning selection procedure. The advantage of this ap- 
proach is that cancer-specific antibody fragments can be and 
have been directly isolated from antibody libraries of tumor- 
infiltrating lymphocytes (Hansen et al. 2001) and lymph 
nodes (Graus et al. 3998) of cancer patients. The First phage 
display-derived scFv approved for clinical trial was reported 
by Chester and colleagues (2000) who used radiolabeled 
anticarcinoembryonic antigen scFvs to locate colorectal tu- 
mors for surgical removal. 

The pharmacokinetic values of scFvs differ from those 
of antibodies and are typically cleared from the system more 
rapidly. This characteristic may be advantageous in diag- 
nostic imaging applications in that the background noise is 
reduced by the more rapid clearance of radiolabeled scFvs 




tions of variable heavy and variable light genes on their surface 
and are incubated with the antigen of interest .on a solid support 
(left panel). Phage particles that adhere to the antigen are selected, 
propagated, and mutated. The selection procedure is repeated un- 
der more stringent conditions in anticipation that the mutagenesis 
procedures (represented by a bolt) result in increased affinities, 
Single chain Fvs are then generated from the genetic material of 
those phage exhibiting the highest affinity. 



compared with MAbs. In addition, because of their smaller 
size, scFvs better penetrate solid tumors, 



Mouse Engineering— Human Antibodies 

A disadvantage of recombinant phage display is that the 
production of high-affinity antibody forms is difficult to 
obtain and the procedures are not familiar to most labora- 
tories, hence the mouse continues to be the most commonly 
used progenitor of monoclonal antibodies and their deriva- 
tives. To avoid the multistep process of producing human- 
ized antibodies to provide immunotherapeutic compounds, 
the generation of human MAbs directly from genetically 
engineered mice is continually being developed. This task 
was impossible until technology to introduce transgenes on 
yeast artificial chromosomes was developed, enabling the 
transfer of extremely large human immunoglobulin loci into 
the mouse germline (Choi et al. 1993). The XenoMouse® 
(Abgenix, Inc., Fremont, CA) and HuMAb Mouse® (Gen- 
Pharm-Medarex, San Jose, CA) were the first engineered 
mice to carry a majority of both the human VH and VL 
(kappa) repertoire, and in 2002, five fully human MAbs 
generated from the XenoMouse were used in clinical trials 
(Kellermann and Green 2002), Ongoing developments are 
aimed at increasing the antibody repertoire even further by 
introducing the human Ig lambda chain locus into these 
mice (Nicholson et ai. 1999). Microcell-mediated chromo- 
some transfer has also been successfully utilized to transfer 
chromosome fragments containing human Ig genes into 
mice (Tomizuka et al. 1997) and cattle (Kuroiwa et al. 
2002), and these genetically engineered animals may have 
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potential as additional sources of human MAbs and poly- 
clonal antibodies, respectively. 

Mouse Engineering— Production 
Technologies 

The application and advancement of most of the technolo- 
gies discussed above depend on the generation of an im- 
mune response to a specific antigen and the ability to 
harness the B cell component of that response for continued 
production and further testing. In 1975, Kohler and Milstein 
first reported that B cells harvested from an immunized 
mouse could be immortalized by fusing them with estab- 
lished myeloma cell lines derived from the BALB/c mouse 
(Kohler and Milstein 1975). The BALB/c mouse and its 
derived cell lines are still the current primary resource used 
for the generation of Mab-producing hybridoma cells. How- 
ever, evidence presented in the remaining sections of this 
review suggests that the use of some spontaneous mutant 
and genetically modified mouse strains and cell lines may 
improve the efficiency of hybridoma/MAb production 
technology. 

One such strain is the MRL/MpJ-lpr/lpr mouse, which 
has a spontaneously formed defect in the apoptosis reg- 
ulatory gene fas. Expression of the defected Fas leads to 
polyclonal B cell lymphoproliferation and hypergamma- 
globulinemia in these mice. After experiencing difficulty 
producing antibodies that catalyzed esterolytic activity in 
BALB/c mice, Takahashi and coworkers (2000) immunized 
MRL/MpJ-lpr/lpr mice with a transitional state analogue 
{TSA 1 ). They found that this strain produced eight times as 
many catalytic antibody-secreting clones as similarly im- 
munized BALB/c mice. They speculated the TSA may be 
recognized as a self-antigen, and hence reactive B cells were 
selectively eliminated in the BALB/c mice, whereas the 
apoptosis-resistant MRL/MpJ-lpr/lpr cells escaped this 
negative selection. The advantage of using this mouse strain 
for the generation of antibodies to other antigens, particu- 
larly those that are not very immunogenic, awaits further 
investigation. 

The effects of antiapoptotic gene expression on B cell 
longevity was further demonstrated by the prolonged IgG 
and IgM serum titers to sheep red blood cells in inoculated 
Bcl-2 transgenic mice (Strasser et al, 1991 ). In addition, the 
numbers of splenocytes obtained from B galactosidase- 
immunized Bcl-2 transgenic mice were subsequently in- 
creased by two to five fold compared with wild-type 
BALB/c mice (Knott et al. 1996). "When the splenocytes 
from these B galactosidase- immunized transgenic mice 
were .used to produce hybridomas, 48% of the wells plated 
with the fused Bcl-2 expressing spleen cells produced B 
galactosidase-specific MAbs compared with only 14% of 
the wild-type splenocyte fusions, These results suggest that 
apoptosis inhibitory genes (endogenous and transgenic) 
may improve the efficiency of hybridoma production by 
increasing the numbers and repertoire of B cells obtained 
from each immunized mouse. 



Pasqualini and Arap (2004) recently demonstrated that 
it may soon be possible to produce monoclonal anti- 
bodies without fusing them with myeloma cells. They 
demonstrated that splenocytes obtained from bacteriophage- 
immunized transgenic mice, H-2kb-tsA58 "Irnmorto- 
Mouse" (Charles River Breeding Laboratories, Wilmington, 
MA), could survive clonal selection and produce bacterio- 
phage-speciFic MAbs in vitro. The key to this finding was 
that this mouse contains a recombinant construct that places 
the large T-antigen under the control of a temperature- 
sensitive mutant of the SV40 promoter, and thus when the 
splenocytes are grown at 33°C, the gene is expressed and 
the cells are immortalized. Additional studies are needed to 
determine whether this strategy will also be successful and 
practical in producing antibodies to additional antigens. 

Myeloma and Hybridoma 
Cell Engineering 

The expression of antiapoptotic genes affects the mouse's 
immune response to antigens, but does expression of these 
genes provide any advantage to the cells' survivability and 
production characteristics in vitro? Similar to the experi- 
ments using apoptosis-resistant splenocytes described 
above, Ray and Diamond (1994) and Kilpatrick and co- 
workers (1997) demonstrated that a larger repertoire of hy- 
bridoma cell lines were obtained when exogenous Bcl-2- 
expressing myelomas were used in fusions instead of their 
parental controls. These results can most likely be attributed 
to the protective effect of Bcl-2 expression on populations 
of hybridomas that would otherwise be destined for apo- 
ptosis and lost during the fusion process. Although postfu- 
sio.n Bcl-2 expression was not analyzed in these cells, the 
expression of exogenous Bcl-2 in other hybridoma cell lines 
was shown to suppress cell death rates under conditions of 
low cell density (Simpson et al. 1999), nutrient deprivation 
(Chung et al. 1998; Simpson et al. 1998), and increased 
intracellular acidity (Ishaque and Al-Rubeai 1998). In an- 
other set of studies, the increased survivability of Bcl-2 
transfeeted hybridomas translated into increased monoclo- 
nal antibody yields (Itoh et al. 1995; Simpson et al. 1997). 
However, an advantage in MAb production was not noted in 
Bcl-2 transfeeted cells in two other independent studies 
(Bierau et al. 1998; Simpson et al. 1999). 

When the genetic components of apoptosis-resistant 
(P3X63Ag8,653) and -susceptible (SP2/0 and D5) myeloma 
ceil lines were compared, Bcl-XL, a protein related to Bcl-2, 
was found to be elevated (Gauthier et al. 1996). Similarly, 
we found that viability, maximal cell density, and MAb 
yields were markedly improved in 5-day batch cultures 
when Bcl-xl expression was restored to a hybridoma cell 
line that had been deficient in its expression (Peterson and 
Servinsky, submitted). These observations raise the pros- 
pects that strategies to identify and restore the expression of 
deficient genes that are important regulators of cell viability, 
such as Bcl-xl, may be an effective means to optimize MAb 
production. 
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Recently, it was demonstrated that deletion of a 60- 
amino acid unstructured loop from Bcl-2 and Bcl-xl en- 
hanced the ability of the protein to prevent apoptosis (Chang 
et al. 1997; Figueroa et al. 2001). Chinese hamster ovary 
(CHO 1 ) cells that expressed the deletion mutant form of 
Bcl-2 (Bcl-2 delta) were also more resistant to Sindbis vi- 
rus-mediated apoptosis than the parental cell line (Figueroa 
et al. 2001). As a result of this difference, higher yields of 
a heterologous protein encoded on the Sindbus virus were 
obtained from the Bcl-2 delta-expressing cell line. Addi- 
tionally, Bcl-2 delta-expressing CHO cells adapted to serum 
deprivation better than the full-length Bcl-2-expressing 
CHO cells (Chang et al, 1997). Expression of a deletion 
mutant form of Bcl-xl (Bcl-xl delta) was also better at pre- 
venting apoptosis caused by TL-3 withdrawal in an imma- 
ture B cell line than the full-length protein (Chang et al. 
1997). Bcl-2 delta and Bcl-xl delta expression also inhibited 
apoptosis in two hybridoma cell lines that were studied in 
my laboratory ; however, increases in batch MAb yields var- 
ied among the clones analyzed (N.C.P. and Servinsky, sub- 
mitted). These results are similar to those obtained with the 
full-length Bel family genes discussed above and are most 
likely attributed to the modifying effects of the backgrounds 
of each of the ceils, 

An alternative approach to increasing cell longevity in 
batch cultures is to decrease the cell's production of lactic 
acid, which when accumulated can lead to apoptosis. By 
using .homologous recombination to partially disrupted lac- 
tic acid dehydrogenase A expression, Chen and colleagues 
were able to select a hybridoma ceil clone that produced 
50% less lactic acid than its parental cell (Chen et al. 2001). 
In batch culture, cells achieved a higher density and visibil- 
ity, and the amount of antibody harvested from 5-day cul- 
tures was three times greater than that obtained from the 
parental cell cultures. As additional information about cell 
metabolism and protein production is gained, additional tar- 
gets will be identified for modification to maximize in vitro 
MAb yields. 

Concluding Remarks 

Despite numerous reports of the potential for alternative 
mouse strains and modified cell lines to enhance MAb pro- 
duction technologies, the commonly accepted resources 
have not changed. This situation may be due in part to the 
inconsistent gains in increased MAb yields obtained from 
cultures of genetically modified cell lines, Unfortunately, 
reported comparisons have not involved sufficient trials 
with different cell lines, animals, and/or antigens to make 
generalized conclusions, and experiments have been per- 
formed independently with no standardization. 

To evaluate effectively whether the use of genetically 
modified mice or cell lines can significantly improve MAb 
production technology, it is necessary to invest considerable 
effort and resources to test these resources on a larger scale 
under consistent, defined conditions. Academic hybridoma 
production centers are ideally suited to perform this task 



because they receive numerous antigens for custom anti- 
body production. Additional fusions using some of the ge- 
netically modified mice or cell lines discussed above could 
be included with each antigen submitted, and the success 
rates (positive clones) and MAb production yields obtained 
from the alternative and conventional approaches could be 
compared. Given that some academic hybridoma centers 
perform more than 30 fusions per year, sufficient trials 
could be included at these centers to evaluate the practical 
application of these alternatives effectively. Once com- 
pleted, results should be publicized to avoid future duplica- 
tion of efforts and to promote the use of these newly 
developed resources. This endeavor would be very worth- 
while because even modest gains in the development of 
resources to increase fusion efficiencies and/or increases in 
MAb yields would have a significant impact, given the 
large-scale use of this technology. 

In keeping with a philosophy of developing alternatives 
to animals (Russell and Burch 1959), innovations to in- 
crease the efficiency of hybridoma production would also 
reduce the number of animals needed per immunization 
(reduction). In addition, advances in in vitro MAb produc- 
tion technologies would further deflate the popularity of in 
vivo approaches (replacement). 
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Look-through mutagenesis (LTM) is a multidimensional mutagen- 
esis method that simultaneously assesses and optimizes combina- 
torial mutations of selected amino acids. The process focuses on a 
precise distribution within one or more complementarity deter- 
mining region (CDR) domains and explores the synergistic contri- 
bution of amino acid side-chain chemistry. LTM was applied to an 
anti-TNF-a antibody, D2E7, which is a challenging test case, be- 
cause D2E7 was highly optimized (K d = 1 nM) by others. We 
selected and incorporated nine amino acids, representative of the 
major chemical functionalities, individually at every position in 
each CDR and across ail six CDRs (S? aa). Synthetic oligonucleo- 
tides, each introducing one amino acid mutation throughout the 
six CDRs, were pooled to generate segregated libraries containing 
single mutations in one, two, and or three CDRs for each V H and 
V L domain. Corresponding antibody libraries were displayed on the 
cell surface of yeast A''" posi b v ti 
tipns in .21 CDR positions were identified that resulted in higher 
affinity binding to TNF-ts. These beneficial mutations in both V« 
and V L were represented in two combinatorial beneficial mutagen- 
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Importantly, these enhanced affinities translate to a 15- to 30-fold 
improvement in In vitro TTJF-« neutralization in an L929 bioassay, 
Thus, this LTM /combinatorial beneficial mutagenesis strategy gen- 
erates a comprehensive energetic map of the antibody-binding site 
in a facile and rapid manner and should be broadly applicable to 
the affinity maturation of antibodies and other proteins. 
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neousiy mutagenized CORs. 

and examining optimized sequences from the LTM diversity 
libraries & comprehensive map of the D2E7 binding site was 
qi it lytic inc cd 

Materials and Methods 

Reagents. Synth . • r. •^on-Avive* w- re obtained from Syngen 
I ^, ] K ' v i il i tin j 1 i i i m r 

England Biolabs, Polymerases arid yeast strain EBY100 were 
obtained from lnvitrogen. DNA purification kits were obtained 
from Qiaecn (Valencia, CA), dNTPs were obtained from Fer- 
mcnias (Hanover. MD). TNF-o war, obtained from PeproTecb 
nil vv Hill. *\ c tavidir, {SA i-j. hycoe ytbsr t (PP.), 
anti-His-FITC i Biob i \.\ v.ic i'n n 11 > i i i r ik 
Endotoxin .QCJL4000 kits were purchased from Cambrex (East 
Rutherford, N.S). All media were prepared according to the 
vendor's instructions (lnvitrogen). 

D2E7 seFw Constottien ami Display. The D2E7 scFv construct was 
assembled by overlap PCR. Briefly, an equimoiar mixture of 30 
oligonucleotides (final 0.4 pM) was PCR-assembled by using 0.5 
pi of Pfe DNA polymerase (2.5 units per pi) and 5 pi of Ptx 
buffer (Invilmgeiti. A n I ( t 'i -< e 2 

primers to incorporate 5 Bam! i i NutJ rcstric on .sites was 
u t, .oi inc I ( i ' nn_ n r i 'i ' i t ii pi A • if 

1^1)1 ;lr, <tiu>i in v : iJi i^d i«i- i . i n it h il 11 i, 1 
tied ,Ui ml lii r- h, |mii if lur 



purification and detection, respec i - Wter se< tiei ce vc ifi 
cation the construct served as the r. np , l . , ib cllcii i i 1 
libraries. 

TNF-a Btotinyiation. Briefly, 300 M I of TNF-or (1 mg ml) was 
a Id.d c "o pi ut 1\ ,i • ■ i '),i id 

5.8 pi of Bioiiit-XX (20 jrng/ml in DMSO). The- mixture was 
incubated for 1 h at re, mi u j rxi I m :orpnra lJ nnun 
i i il iu l. I h in i.i t i t Vi v-iii i T ii i i. 
bu) f - > - exi h nged with four volumes of PBS' ushas Protein 
concentration was determined by ODisu. 

scFv Expression and pispiay. The D2F.7 c<mstruc« and 1 TM/C.BM 
variants we l i i r t " |o id cLctcd m 

comj ,, te suppit . niixi at , mini j t t >phan m« s i ul- 

1 > I i J . i I .1 ,v vl, I J 

at 20°C. After induction, ceils were washed twice with PBS and 
resuspended in PBS/0.5% BSA. 

LTM Library Construction. Individl ll ( ides were syn- 

thesized to encode each amino acid substitution for each CDR 
p lioi i d jro' dc sufficient erla| o P R pri ing inn 
the t) f-'aiipl !e In J i •,,<•'• ti tiii.ic IMi'L'nm, 
oride mixture'- uto i unci c ' di i 1 U *s v r; used to 
amplify LTM-subst 1 ' fru mib Next these PCR 
I k icts re g l-pu fit i cjuin iliqt were com- 
bined fir n _ tr Pi r t > ^ i >. fu i r h 
generate combinatorial LTM libraries for multiple CDRs we 

I I pro icol rib ' " ' > 

the parental D2E7 construct as PCR template a previously 
generated single or double CDR LTM library was used instead. 

Magnetic Bead LTM Library Selection. Briefly. I X 10 7 cells were 
incubated for 2 h at room temperature .id. ' < r> kited TNF-a 
I [50.0.5.and0.lnM) pelk te Und bound 
to 1 X 10* SA beads (Sph.ero.tech. Uhertyviile, IL). The magnet 
was applied, and ceils were washed with PBS/0,5% BSA. The 

ids v i i s| nl itlu,i e^ti 

media and .grown for 2 days at 3Q C C. shaking at 300 rpm. 

FACS Sorting of scFv Libraries. After scFv induction, .cells were 
incubated with 400 nM biotiu-TNF-a for 3 h at room temper- 
ature undci S, t 1 I I " , 1 I t, U Hjlii'llt' of 

?HS. ..ien icsii-pl.iJlo. :r. Pito ,5S,\ lo.v .o-inr i pM T^V-u. 
ind ii l ii 1 i " t_ 1 i it l j chase 

the ceils wen , . ,'1' b u hen labeled 

with I mg/ml; and , r ' Ml for 30 min 

on iee. uoJ id . i, , i., J tts cesenbed. The D2i : ';7 bearing 

the LTM HI 1 t i r 1 J 1 1 ' 

p iMtio 'th,t i ■ . , i i i l< ii tin TNI <> (PE 
ig H ere but-M't't. Ai t^i , ol e, i me i, cores n pei- 
formed a postsort flow cytometry analysis to confirm enrich- 



Table 1. LTM mutations that yield higher affinity for TNF-u 
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Table 2. Sequence of CBM clones displaying higher affinity forTNF-cr 




merit. Bulk-sorted clones were then propagated in 10% iclucosc 
i It u n a M il ^ 1 f" i I ' h i r --<! n lid ti — « i r 



CBM library Construction. Twenty nine selected beneficial D2E7 
CDR mutations obtained through the LTM screen were used to 
conlbinatoriaUy construct CBM libraries by the use of degener- 
ate tbn i _o „, ' v PR H . l.k. , c ^ - 
Rac BAKYMI GCT MX! - i't&cutcc m L eiq),CDRH3 
(gtatartactctgi c , t I t!< Y f AC TTA TCA ACA OCT 
TCT 1URK CTA SAK YMK trr^aecaaaacaoraa,!. CDR LI 
(l .i i. FJ.,:-1 RT GCA TO Mh , R RA MWA 
vG\ v ' I f As I St . i v , i il - : „ ,l ,, ( i)S; L2 
f nut i ;ihh < ' i • ,t < i ( ~t 1 i 1 
aruajgacltciaaau'uaj, and CDR L3 (sicgiiaiaiaealnUacA,: C.1AA 

\7 V L_J (( \ I il 

aaetc). Deaenerated olitos were used ;o separately produce 
h i md i t li v p i I i i i h PCR (Vn CBM-V,. 
pn it tl n i i l il \ i .1 1 a a -cV: lim im s 

>vac nje„ I ' A ou j in 1 n-lu r ■(_' 

sHeclinn ft- i i.i i j mlj n ,s i '• CMm idi-V, 
parental and V H pureatal-V,. CBM-rdh The CBM-rdi heavy 
and , .-haira i , i a T< an plifi id n Las neral 
ibiee additional libraries (V,, CBM-rdl-V, CBM. V f , CBM-V,. 

't I 1 1 I | f ^ 1 l ! I > 1 n 1] llu 1 jr , 

as'ia 'i if' 'bin] i > i i I ' an . r< u d- n, 

FACS-based selection 

Expression ant! Purification of 02E? Variants. All seFvs were sub- 

( edi ipl > sen) am < inl . re huherichia 

a ! :i la n , l', -U A hv t ,g « r C- er in, 1 
(1 ^ p , In I i I 1 i "crjgj.iun £t ?7-( 

to OD„oo 1-2 in RM mod i (Ms, s m* 2- Casamino acids/0.2% 
■i a >) vLt I i it l i_ 1 ii , m 1 K le h ir u 

grown at 37°C to ODm 0,5 and then induced with arabinose 
jimal ct ntcntt at ion O.f OtCVs overnight at room temperature. 
' n i i I ii ^ jJ la centriftigation, hyper- 

M i ' i,s;d In ie'u^ i^n^f <i ^ cc pellet in L/25th volume 



sucrose buffo (2U roa WmM I rn.pt 1 8.0/1 mM EOTA), 
and incubated for I ban ice. Cells wete then gently collected by 
ccnlrilugalkm, reuspended (equal m volume to sucrose buffer) 
in BBS buffer (200 mM boric acid/ 160 mM NaCI/.lO mM 
L t m a in , I i - I >< \ is (In u 

removed from the sucrose a - 1 I sis or through 

1 1 in 1 | i t lgS( i p 

by ni tela! > p Qiagen)aad ( ku^d with PBS 

containing 2ii! it mi i i - ^ v 1 . In iiuntutul 
by using ultr.,-1 ,-e - < ■ -nir.i tvs ( Am icon) and exchanged into 
citrate buffer (20 mM sodium citrate, pH 55) by using a PD-1.0 
- Zv vlu u iii iim 'l'n PI iininidl l.i ii ' i ill"; 

eiuaic < pi ! to homogeneity iiy usi ig co ioi - • .h trtge 

ii, i | \ 1 in n ltimn (Amcrsharn ! mriacia) 
After cation exchange, the resulting protein was buffer- 
exchanged into PBS by using a PB-iO column. For cell-based 
issays, enduLos i\ i 1 - l > byreis tionfrom ai ndotoxin 
free " ! BS equilibi • a; le> 75 column that had been pre- 
viously treated with 1 ab-, r i ,-nt i\ r 'cab ,'v.c 
-:'2.5 units per mg ror all samplca, as assa.yed by an d itJ in kit 
(Cambtex). 

LiA;3 s As-ai Bindi 1 (/vi \ , ) of the 

,J n I i I n i 1,1 b i i 1 UN i i i 

I ' i- inn i. i in ' 1 i *i il ii d 

TNF-u was immobilized on a CMS chip according to the 

n i tu iiti i- ' iv o i .! n b in , , Ui ns 
between 30 pM and I nM were injected over the I NF *- 1 ces 
with : ' ni i im , „ 1 K ! l 1 1 -or . „ n 

I 1 1 Ml ext rim t 1 rc cat' of i . >'L H i y u'n 
were in t j -ir-t Ill ilI r i i , 1, 1 in u lb, di , 
constant- i ising ci o (" i ie TNF-rt era ctivm 
experiment; TNF-a and TNF-;3 were immobilized to --1.000 

p i is uo > as ■ 1 the chips v ubjeciud to a 

■solution containing 100 nM scl-'v in running buffer. 

Cell Culiture, L929 cells were propagated in Eagle's minimal 
essential medium, supplemented with 2 mM t.-glutamine, and 
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laips *t*/. 



Unsottad library 




Fig, 2. Dot plot of yeast displayed ant TNF s F U t) D2E7 staining was used to thresholds for improved binders. (Center) The LTM libraries. Shown is.FACS 
profile f it g u ! i 1 ii ii Right c' ploi it', c-r vhe sorted library. 



E I I It solution udju d to intern 1 t t . 

i ui ij I- irh< .ii 1 t i'1 in m u'ii ,i n » >,d' 'H t.M 

idium pyru H 13 d 50 ,ug/m ten un cin Ceil 

we n maint i hi m h u the ti d 57 ( nd f f < 

tnf-« Neutralization Assay. A total of 35,000 L929 cells in com- 
plete growth media, were added to each well of a 96-well plate 
and grown < J ' i ihil iti tudie cF - were piem- 
cubatqd with TNF-a (350 pg/m!) at room temperature for 30 
min. Just before TNF-« treatment, growth media were removed 
and replaced with 0.5 volume Eagle's minimal essential medium 
i ltd .ti l I" rf > > «. id 1 jjg/ml acttnomycin D. The TNF-«- 
scFvs complexes were next added to the plate immediately after 
changm' i he ii,' h. ih u t.i. ..- I- '" exposed to I'lnru.ii 
Plniiiol.iMKerth.il Is nun No.' rK!-, 1 i. -, v ere incubated 
for 20-24 h ut 3TC. The next day, 20 /*) of WST-.1 was added to 
each well and incubated for an additional 4 h at 3?C, and OD^ u 
t n I a ul ( \ i ' i s m r nt v _ . ^ dn I 
using 1-1 i , m -,oM i e ' ' > i, - i Uiej Jl fill. 

surement was performed in quadru| it eh experim 



ui u -ire- , «• n ii . l <« in :m I k h ii is 

u'r "n pi id nli\>nn ' 1 1 h n<eju:nl mon 

complex libraries. 

Isolation of Improved Binding Clones from LTM tibrariss. Initially, an 
iii,, i in ■— 1 i in i d \ i i-cd rii d ml ' 



Design and Yeast Display of D2E7 scFv. TI 

starting from a published sequence 1 



s (FU 
ted L4 x i 



). B, ■, 



iiiCl . J 



mutants. As the numbs 
ated CDRs would exceed the 
; restricted the complexity of 



and : 



M fin I LT\ ilir; 
:0 triple LTM libra 



■ 200 i 



> Id EE 



equibhrn 



ods i 



However, because most affinity maturation techniques yield 
optimization of the dissociation rate ctastam, k,* t (5. 1.1, 12), U 
pulse chase strategy was used to -.elect for clones that display 
slower dissociation kinetics than the parent molecule. We ac- 
complished this selection by labeling the yeast cell surface- 
displayed libraries with biotin-TNF-a and chasing with unla- 
beled TNF-qr. Subsequent FACS sorting enabled the enrichment 
of slower dissociating clones. As expected, a bulk of the library 
displayed unproductive i v li i i M ^ t consttt- 
ueats. However, » significant number of mutants displayed 
iding compared with D2E7 (F 



Results 

e D2E7scFv was designed 
e using codons optimized 
d E. coll usage (10) and 
construe - b isun "F h I 1" [ t ' t 
of V H wits fused to die f tern i ' of V. by a. I ul 4 -V 1 In u 
list' 1 i S i it'sol the yeast 

1 . - , nd the disp Fv tusioi 

bound i F ilb , ' e, I > ' »1 iU nl Nun) 



im library Construction. In . . " only "tie ,i i.pc amino acid 
is substituted per CuR with a selected amino ;:eid (Fig. I). In 
total nine si I i it I it. i ', uu ditinn t ptoJuce indi- 
vidual (hill Pi «'v ..si • In ( Kit iht dries were 

tli v d i l il. ii i'iho u Ut.- n 'it, i„ol h 

ni t u n 2 up i t I p. I l MM 



After ihret 



tely. v 



; nd trip e 



nd 



combined 

eond ' < 1 1 ti - wo rounds of s ions . I-'inall 2:10 
colonics were analyzed for riisso tt » neiics nd se- 
c n i id (bin t unique loi 1 d I I rlipl cdslo«o 
li juttiui 1 us Hi , p t >i i e of be', 

are bo n 7 < I" H i • n ' p f- " '" ['!<■■ 
(one in CDPHl di . ri PR 512. four in CDR113, four in 
CDR1J, and two in CDRL3) that were never mutated and 
were e< s ud as the ; n < i Hi; iub uie too- 
conferring 1 _ e ffinily were cbai terszed is beneficial 
mutations and mutations that did not alter affinity were 
characterized as neutral 



of 



- show ) In general, we found that hi bi i e« w ere iiighly 
d rse wit! n extreme lov ol n i r. itdting vvild- 

itee - s e . i i i ti.. ■ iv Ld eir.jr rates that correlated 
to the increasing complexity of each library. This finding is not 
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Table 3. BIAcore parameters for WT, ITM, and CBM clones 



Relative ff D 
improvement 



107.000 
2.086 
0.637 
(5.770 
0.0454 



At sequencer,,- F7 rm:t» < ( . ' -1 , - « , CORU G28E. 



Generating awl Screening CAM Librar \ } i, cid ma| t II 

clones I , \ t « h ' \ ■ Ii ati cs) 

was compiled for each of the CD El sequences (Table 1). Muta- 



a CBM libraries to explore the syner 
;se individual .mutations. Degenerate c 



mis," In addition ::o the 
vild i 1 m'mo id ere -ruhesi/ed and assembled to pro- 
due these !il i flic us nu i iti lid i >i i> 
redus.es the iiu. hi 1 1 n n i ik m. s i o introduce 

i s I I II r o i ) I II , Li i r I i I 

auolher i\\v i of i ii i iti i nit die process i , 4, 
which is published s if i *>itior nth^PNASweb 

site). Because of the practical display limitations of S. cemisiae. 
si ! ' ii* i < er- 1 - ill i i tht \ (dtu is- v of " >' 

10 s ) arjd Vl (diversity of 6 x 10*) domains. After three rounds 
ulscl I., h \ , ind v, hhint. ,v < ic combined by PCR, and 
the resulting libraries were pooled for two rounds of additional 
i total of 58 



. disi 



)21-7 



total of 14 positions in CDRM1, CDRH2, CDRH3, CDRL1, and 
CDRL3 were traitatod. loom sequence analysis of the 42 unique 
clones we disc* redadran i tjo n pattern (Table 2). 
Only seven positions in V H CDRs are mutated with little 
convergence in type or mutation. However, in V;, CDRs there is 
remarkable convergence of mutations. Four positions in the 
t !>K L 1 ,c\ r ii d ic.i' n s -ict requirement for 

His _ 1 t ' o i i i d ^ c - in the 

I'M ili ill i nservati" i 1 1 dr j, 1 
Ml a <■) I n u i ir ( ! I r I l l d in the 



fthe 



v The 



.-alive div- 
ot iTunaiic 



i BM- pi t-i/iL i i " » p 1 1 _ ' [ ! i . ^ , if Id 

enhancement in neutralization (Fig. 4). 

Discussion 

Antibodies have I- omc n ik cas tgij itn irtan etas of 
.i p utic m >ic Lie i'oj mm en us n drcatii it i c udii s ean- 
. r c^tiui 'U l p " i ' i m id Liiihutis. 

jsorit is and Mi s disease (13) fii nd pi cifici 

nl |i 1 u t i m tin i k p it hi ' iii. n 

Abs of clinical utility with the hs t i m ible a facile 

I c mpi hei i nethod is needed 

Numerous protein engineering and mutagenesis strategies 
have been used for the enhancement of antibody affinity (3, 5, 
6, 11. 14-29) Fo: smi I region ( H 10 s s t.uration mu- 
tagenesis i-- -yp :• -,a * • produce all combinations of the 20 
1 fr II ocrsirrit:!?, in acids. Howavep rids process becomes 
in, I I nd i i i 1 [iom \< n i i i w )f liniu / 
display capacities (30). Affinity maturation of antibodies involv- 
ing 60 positions (six CDR loops) would yield unmanageably large 
d , i H l i Hi ni I e ' pni u„ d an ii" Ih 

current expres-- o i-dj$p!:t\ systems, As a result, some researchers 
have lira it id i i nutagenesis I one or two CDRs, such 
as CDR L3 and H3 h i i • n < , u 1 ulmg energy is 
thought ■ be com bote, !>» t'a ^e i va CDR 'o > M 9) Reduced 
codon complexity to limit library diversity has also been pro- 
posed (15, 20, 31). Alternatively, specific residues among the six 
CDRs are selected based on their propensity for somatic hyper- 
mutation (6, 29), Although these strategies .a, result in signif- 

n ill tti i mi n it nil ,i it l i 

ail six CDR pos' ' ' "~ 



p- the 



n ( 2 



posiiitn if) ir 1 n > - sir ig„ nl upiinem. a 

• th» jo tion T ' po tions (92 no > 1 n tht ; idd ■ f 
t DR! iw< erai tied n » m>si ill instances vh.ua , i \ra 9 
to I 1 1 is ttive mutation a ei ved in ml some I 
the clones, interestingly, the selection of a Pro-94-Pro-95 se- 
quence ir in CDR siiggests di.m tiie changes in ia n ! .. . 
structure in this region. 

Determining Affinities of improved Clones. Several selected clones 

I I !> I I r e .. [ C '-e I s s ' s I ' 

<o I ii i ' n i ik n i It mi tv J b\ 

u, ^i p i in t i or i I i 'I i ili 

libri i n etc in bk s) ?.e rka h in the CI \\ 

clones there isi i i ivement in both i ma ' In t ict 
tlu i n. i tn it I ch ( tild in [ , ji ^ l i 
and 1 0-fold in /(„ ff . 

1929 in rirro Neutralization Assay. Next, we tested the neutraliza- 
tion acti itj <.' the t i rihurtced r Bfvf clones by using a 
TNF-a- responsive L929 cell-based bioassay. By this assay we 
h' nd ii . a i , . v o! tn. pa en PCt'" 1 ( 3 05 pM) consistent 
i ii previous reports (8), whereas the ICsi values for our 



Although improved propcrti 



toDftJMl 

Fig. 4. Af i , i n -i ■» T i i< ii f i-li 

abilities. L929 cei Is were treated with artmornycin and TNF-n, as indicatsf) Par 
M I- - ii ,1 antihe 

W5T-1 was added and incubated for an additionei 4 b, and OD«d «as re- 
r n t, I irr t 11 I In i i f I H I ( I II 

green circle). 3.5 pM for At (red square), 6.1 pM forcbl-3 {red triangle), arid 
6.5 p ' fr- r-; v [;pr a-" - •'• - i i a rt ' c ' SEi ' , I r-ch 
messuremeot performed in ouadrapikate. 
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Kdjpsi el at 



Hi £ nt iods dii c ed, ration 1 md informative method 
based on then In, d vastly improved va ri- 

1 i i ii mi i 1 utluUcture. 
jo the prcjent study our approach improved the affinity of an 
irapi ru.T. the- |- at i . : Ud„. fr mi low n u omolar (1 nM) to 
I h pi ii i i ( I pM s of in ii! ^ HHvO ob< r 

L i i ti to . i -'ii lOIIl.tuMll pKMir 1 
in i ri a significant oss o .rnJir^ is i - rved ,vhen eithei 
!\i-'M rhiM'ni up] i ( ■ E _i * , id I -u 1'NU , 
< [ikH ! i i l i v - 1 t e n \it< J h i~-u e ,M ill ,e. . LTM 

i ii i i 1 1 1 i t i 

H I ii la ihk 1U U I li , n ll 111 ti 1 

\ 1 lit I l>m Hi Ii kill til n dill pni| i Hi i 
i i i i e antibod} 1 1 - f 1 LTM is 

i .i i Jt -ii i li 1 L r \ idues important 
to interaction with antigen and/or overall structure are essen- 
tially captured by LTM as a subset of the primary binding 
(chu cu k Jim m s 1 ' v 1 -h dJmiHj. 

mutations that result in improved binding. 

The LTM process, in which there is a single amino acid 
mutation in ail positions for each CDR loop, allows the con- 
ti t'U n t li 1 ohut ii i , i 1 > da i 1 1 i pto ^ 

direct furtl ei at nitj enhancen ent by c i nl ii i 

tti ) i. Joi voieigol i ',- Th (BKm i tl i u tli 
LTM process to produce libraries encoding all of the observed 
bei i ciai i it iti >ns s c 1 rs he | i tin tcid qi <. ncu 
■thereby allowing a simultaneous combinatorial "backcross" to 
occur, thereby eliminating all nonproductive combinations. An 



advantage of using degenerate oligonucleotides is the i rp 
ion of additional related ami J | ees _ 

1 \ 'tig Jiriiei tint tu 1 te < : These 

additional amino acids alii la d in mu 

positions, most notably Arg-27 in CDR Ll (see Table 4). As a 

i si It his Ll r l pr< urodtta . 1 . nee of ! igl 1 
optimized 'activities in tl broad \ qu i i k 
[-■J i , i 1 i ^ i n ion u ' i' i 

the process of naturt 1 ly evolution in t natun the 

econib i > i i ocei efoi iu lion 1 ius 

further synergy between he Iw proce l-k is not allowed 

Interesting! ft in -i i I he mo; iuijiroved CBM n ttants 
shows a [ repom.- u mirs i , i t i na , lain j 
compared with the •/ These results inn support the notion that 
the Vh chain has been provided in nature with a more robust 

P mi/ 1 u\ In tut i h \ Jt ir i a b' '« DI 
joining) V less optimized \ liairt could it urnbet ocusfoi 
an pedit d i on namrati f re i I m i i pie 

chemical amino acid contributions can he assessed simttha- 
neo tsly. Tl > c ) hat allows foi bo 1 \ n 

and Vi n i mcerted proc f recombination 

antl mutation may be inure po td in The genetic algorithm 
of nature. 
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annun V r ill in in, ,t> t iil - a U i I A- 'S 

, i! i 1 - n in i f V) nil ibraries, D id VlysJ v» t ' 

II ' ' y 1 1 1 I r I 1 1 I 1 1 L I 
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The insulin-like growth factor-! (IGF-I) receptor is 
a member of a large family of transmembrane signal 
transducing molecules. The defining characteristic of 
this class of receptors is the intrinsic tyrosine kinase 
activity of the cytoplasmic domain. While it has been 
demonstrated that this tyrosine kinase activity is nec- 
essary for the action of a number of transmembrane 
tyrosine kinase receptors, no evidence of this type has 
been adduced to date with respect to the signaling 
requirement of the IGF-I receptor. We have now shown 
that stably transf ectod NIH-3T3 cell lines overexpr ess- 
ing human IGF-I receptors display increased responses 
to IGF-I and an IGF-I-mimetic antibody, aIR-3, in 
terms of short, intermediate, and long term actions 
initiated by activation of the IGF-I receptor. These 
include receptor autophosphorylation, activation of 
phosphatidylinositol-3-kinase and 2-deoxyglucose up- 
take, induction of ornithine decarboxylase gene 
expression, and stimulation of thymidine incorpora- 
tion. In short term responses, the kinetics seen with 
odR-3 were slower than those seen with IGF-I. These 
effects were severely decreased in clones expressing 
human IGF-I receptors in which the lysine residue in 
the ATP-binding site of the tyrosine kinase domain 
had been mutated to alanine or arginine. This was true 
for both IGF-I and aIR-3. These results indicate that, 
for all parameters tested, the tyrosine kinase activity 
of the IGF-I receptor is necessary for activation of the 
IGF-I-stimulated signal transduction cascade. Addi- 
tionally, the effects of aIR-3 also require tyrosine ki- 
nase activity. 



Insulin-like growth factor-I (IGF 1 -I) is a polypeptide hor- 
mone structurally homologous to insulin, IGF-I and insulin 
have a wide range of functions in common, including stimu- 
lation of cell growth and differentiation and the transport and 
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metabolism of glucose (Adamo et o(., 1991}. These effects are 
triggered by the binding of these Uganda to their specific 
receptors, the IGF-I receptor and the insulin receptor. Both 
receptors are heterotetrameric glycoproteins consisting of two 
extracellular a-subunits and two membrane-spanning jS-sub- 
units (Ullrich et al, 1985, 1986; Ebina et al, 1985). As a result 
of the high degree of homology between the Uganda on the 
one hand and their receptors on the other, IGF-I can also 
bind to the insulin receptor, albeit with relatively low affinity, 
and vice versa. 

Recent studies have begun to elucidate the structure-func- 
tion relationships in the insulin receptor. The IGF-I receptor, 
however, has been studied in less detail and has been discussed 
primarily by analogy with the insulin receptor. In the case of 
the insulin receptor, its intrinsic tyrosine kinase activity has 
been shown to be important in the mediation of many of the 
biological functions of insulin (Yarden and Ullrich, 1988). 
Several studies have shown that cells overexpressing insulin 
receptors mutated at the ATP-binding site in the tyrosine 
kinase domain (lysine 1018)' failed to mediate the action of 
insulin (Chou et al, 1987; Ebina et al, 1987; McClain et at., 
1987). In cells overexpressing insulin receptors that were 
mutated at one or more of the three major tyrosine phos- 
phorylation sites (tyrosine residues 1146, 1150, and 1151), 
some of the effects of insulin were impaired (Ellis et al, 1986; 
Wildcn et al., 1990; Murakami and Rosen, 1991). Another 
study has shown that antibodies directed against the cyto- 
plasmic domain of the insulin receptor blunt the effect of 
msulin when they are injected into target cells (Morgan and 
Roth, 1987), 

Several lines of evidence, however, have suggested that 
tyrosine phosphorylation of the insulin receptor may not be 
essential for all of its functions. First, in some studies, insulin 
receptors mutated at the cluster of key tyrosines mentioned 
above apparently function normally in terms of stimulation 
of DNA synthesis, glycogen synthesis, and amino acid trans- 
port (Debant et al, 1988; Wilden et al, 1990; Rafaeloff et al,, 
1991). Second, Gottschalk (1991) has recently reported that 
kinaae-deficient insulin receptors mediate the activation of 
pyruvate dehydrogenase by insulin. Other studies suggesting 
the presence of autophosphorylation-independent insulin 
receptor signaling pathway(s) have employed insulin-mimetic 
antibodies. Some antibodies directed against the a-subunit of 
the insulin receptor have been shown to stimulate a wide 
spectrum of cellular functions, including glucose and amino 
acid uptake, thymidine incorporation, and activation of ribo- 
somal protein S6 kinase. While, in some cases, these antibod- 



2 The numbering systems used for the insulin and IGF-I receptors 
are those of Ullrich et al. (1985, 1986), 
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ies have been shown to stimulate these responses without 
apparently stimulating tyrosine phosphorylation of the insu- 
lin receptor (Zicfc et aL, 1S84; Simpson andHedo, 1984; Ponzio 
et al, 1988; Hawley et at., 1989; Sung et al, 1989), others have 
suggested that these antibodies do, in fact, trigger a low level 
of autophosphoryVatipn of the receptor that is sufficient to 
activate the post- receptor kinase cascade (Gherzi et al, 1987; 
Brindle et al., 1990; Steele-Perkins and Roth, 1990a). 

In the case of the IGF-I receptor, a monoclonal antibody to 
the human receptor (aIR-3, Kull et al, 1983) was shown to 
block the action of IGF-I in some cell lines (Duronio and 
Jacobs, 1988). However, Steele-Perkins et al. (1990a) have 
shown that this antibody behaves as a partial agonist in CHO 
cells overexpressing- the human IGF-I receptor. Their results 
demonstrated that aIR-3 stimulated thymidine incorporation, 
but IGF-I receptor autophosphorylation was not detected in 
viuo (Steele-Perkins aL 1988; Roth et aL, 1988), although a 
very slight increase in receptor phosphorylation was seen 
using an in vitro assay system (Steele-Perkins and Roth, 
1990b), 

Most cell lines have both IGF-I and insulin receptors. As 
mentioned above, these two ligands cross-react with each 
other's receptor. IGF-I-mimetic antibodies should be useful 
tools to demonstrate that a particular action of IGF-I is 
mediated via its own receptor, especially in studies in which 
mutated IGF-I receptors are introduced into cells that have 
endogenous receptors. In this study, we have assessed the 
requirement for an active tyrosine kinase domain in the 1GF- 
I signal transduction by the IGF-I receptor and have investi- 
gated if the agonist action of aIR-3 requires receptor auto- 
phosphorylation, and, by inference, if there are indeed auto- 

osp! orylati< > iml&pcndent actions of the IGF-I receptor. 
To this end, we have established NIH-3T3 mouse fibroblast 
cell clones overexpressing normal or kinase-deficient human 
IGF-I receptors and have obtained evidence that receptor 
autophosphorylation is essential for the biological effects elic- 
ited by either IGF-I or «IR-3. 

EXPERIMENTAL PROCEDURES 

Materials— Recombinant human IGF-I, monoclonal anti-phospho- 
tyrosine antibody, and fetal bovine serum were purchased from Up- 
state Biotechnology (Lake Placid, NY). Monoclonal anti-human IGF- 
I receptor antibody («IE-3) was purchased from Oncogene Science 
(Muiihassut, NY). A human IGF-I receptor cDNA and purified alR- 
S were gi nerou ly provided by Dr. S. Jacobs (Raleigh, NC), A mouse 
or nth P€ dec i .ld~« i] was a gift from Dr, C. Kahana (Re- 
h.r ot, L;j.ii Cell culture media and reagents were purchased from 
Biofluids Inc. (Rockville, MD) and Advanced Biotechnologies (Co- 
lumbia, MO). Insulin-free bovine serum albumin (BSA, fraction V) 
was obtained from Armour (Kankakee, IL). 

Construction of Expression Plasmids— An £VaRI-BamHI fragment 
of the human IGF-I receptor cDNA containing a complete open 
reading frame was subcloned into pBluescript II (Stfatagene, La Jolla, 
CA). In order to produce tyrosine kinase-deficient IGF-I receptors, 
the lysine 1003 residue at the ATP-binding site was substituted by 
alanine (KA mutant) or arginine (KR mutant). The mutagenized 
cDNAs were generated by the polymerase chain reaction using a 5' 
primer containing a Bell site in the transmembrane region (5'- 

:ttcatoc ,rLKjUj_£.ivi.-Tn< • c w «ca site < 

miderli led) aril in' l.t* • - primers encompassing both the lysine 
1003 codon and an adjacent Sphl site. The sequences of the mutagenic 
primers were o'-CTCACGCATGCTTGCGGCCTCGTTCACTO- 
TTGCAATGGCCA-3 ' for theKA nut it, and 5 < TGAC GCATG 
CTTGCGGC CTCGTTC ACTGTTCT AATG GCC A -3 ' for the KR 
mutant (the Sphl sites are underlined and the codons corresponding 
to amino acid position 1003 are shown in bold). The polymerase chain 
reaction products were cut with Bell and Sphl and were ligated into 
mi IGF-I receptor cDNA construct partially digested with Soil and 
Sphl, The seouences of the mutant* were confirmed by sequencing. 
Wild-type (WT) and KA and KR mutant cDNAs in pBluescript II 
were excised with Sail and Afotl and cloned into a bovine papilloma 



virus-derived mammalian expression vector, pBPV (Pharmacia LKB 
Biotechnology Inc.). 

Cell Culture and Transfection— NIH-3T3 mouse fibroblasts were 
routinely cultured in Duibecco's modified Eagle's medium (DMBM) 
supplemented with 10% fetal bovine serum, 100 units/ml penicillin, 
and 100 fig/m\ streptomycin \c i humidified atmosphere of 96% air 
and 5% C0 2 at 37*0. Plasmid DMAs were prepared using Qiagen 
plasmid maxi kits (Qiagen, Chatsworth, CA) and each expression 
plasmid or pBPV without a cDNA insert (20 u$) and pMAMneo (1 
ug, Clontech, Palo Alto, CA) were cotransfected by Jipofectin using 
LIPOFECTIN reagent (Bethesda Research Laboratories), Each 
transection was performed according to the manufacturer's protocol 
i ' it n >»K at > »«. t 24 h, and the cells were then split Into 
150-mm diahes. The next day, selection by 500 #ig/ml G418 (Geneti- 
cin, GIBCO} was started. Following 2 weeks of G418 selection, inde- 
pendent colonies were picked using cloning cylinders (Specialty Me- 
dia Inc., Lavallet.* Clones verexpressing IGF I receptors were 
selected by measuring the binding of liB MGF-I as described below. 

IGF- [Binding Assay— IGF-I binding to whole cells was quantitated 
using monoiodinated [ ,2S I]IGF-I (Amersham Corp,). Confluent cells 
in 12-well culture plates were washed with 1 ml of binding buffer (100 
mM Hepes, pH 7.9, 120 miu NaCl, 5 dim KC1, 1.2 dim MgCla, 1 mM 
EDTA, IS mM sodium acetate, 5 mg/ml BSA) and incubated in 0.5 
ml of binding buffer containing 25,000 epm (approximately 20 pM) of 
[ lM I]IGF-I and unlabeled competitor for 5 h at 4 "C. The cells were 
washed with culd PBS and solubiiized in 0.2 N NaOH prior to 
counting for m l with a -y-counter (GammaTrac 1290, Tm Analytic, 
Brandon, FL). 

Intact Cell Tyrosine Phosphorylation— Tyrosine phosphorylation 
of cellular proteins was analyzed by immunoblotting with an anti- 
phosphotyrosine antibody. Confluent cells in 60-mm dishes were 
washed twice with serum-free DMEM containing 1% BSA, antibiot- 
ics, and 20 mM Hepes, pH 7.5 (SF-DMEM), and incubated in SF- 
DMEM for 16 h. IGF-I or antibody in fresh medium was added and 
incubated for the indicated period at 37 "C. The cells were washed 
rapidly with cold PBS on ice and frozen on liquid N» and then thawed 
on ice, 0.5 ml oflwi* buffer (1% Triton X-100, 100 mM NaCl, 50 mM 
Hepes, pH 7.6, *J mg/ml bacitracin, 1 mM phenylmethyisutfonyl 
fluoride, 1 mM sodium orthovanadate, 10 mM NaF, and 10 mM EDTA) 
was added, and the lysate was cleared by ceatrifugation (11,000 x g 
for 3 min). The protein content of the lysate was determined by the 
method of Bradford using a protein assay kit (Bio-Rad), and equal 
amounts of protein (up to 20 A of the lysatesj were fractionated by 
SDS-polyacrylamide gal electrnphoresia on 7.5% gels. Proteins were 
then electrophoreticaliy transferred to a polyvinylidene difluoride 
membrane (Immobilon-P, Millipore Corp., Bedford, MA) with a 
Hoeier TE42 transfer unit (Hoefer, San Fnrooisco, CA). Tyrosine- 
phusphorylated proteins were probed with a monoclonal anti-phps- 
photvrosino antibody and detected by alkaline phosphatase-conju- 
gated anti-mouse immunoglobulin using a ProtoBlot System {Pro- 
mega, Madison, W). The dilutions of the first and second antibodies 
were 1:1000 and 1:7500, respectively. 

Thymidine Incorporation— Confluent cells in 12-well plates were 
grown to quiescence in SF-DMEM for 24 h. IGF-I or oTR-3 in fresh 
SF-DMEM was added and the cells were incubated for an additional 
15 h. One ^Ci/well of [metfty(- s H]thymidine (Amersham Corp.) was 
then added for 1 h. The cells were rinsed twice with ice-cold PBS, 
twice with ice-cold 5% trichloroacetic acid, and twice with ethanol. 
The cells were dissolved in 0.3 ml of 1 N NaOH, neutralized with 0.3 
ml in HC1, and counted in a liquid scintillation counter. 

2-Deoxyglucose Uptake— Confluent ceils were washed twice with 
Krebs-Ringer phosphate buffer containing 1% BSA and 20 mM 
Hepes, pH 7.4 (DG buffer), and preincubated for 15 min. The cells 
were then incubated for the indicated period in DG buffer containing 
IGF-I or cvIR-3. Deo!iy-D-[l-" l C]gkx09e (0.5 f.Ci/well) (Amersham 
Corp.) and 2-deoxy-D -glucose (0.2 mM, final concentration) were 
added and incubation was continued for 10 min. The cells were 
washed three times with ice-cold DG buffer containing 0.2 mM 
phloretin, solubiiized with dM% SDS, and counted for radioactivity. 

PhosphatidylinositolS-kinase Activity— Phosphorylation of phoa- 
phaiidylinositol was measured as previously described (Backer et at., 
1992! with some modifications. Confluent cells grown in 100-mm 
dishes were washed twice in SF-DMKM and incubated in SF-DMEM. 
Alter 24 h. IGF-I (10 bm) or alR-3 (50 nM) were added in fresh 
medium and incubated for the indicated periods at 37 °Q. The cells 
were quickly washed once with ice-cold PBS and twice with wash 
buffer 120 mM Tris, pll 7.5, 137 mM NsCl, 1 mM MgCk 1 njM CaCi,, 
100 fM N T a 3 V0 4 ). Cells were solubiiized in 1 ml of wash buffer 
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containing 1% Nonidet F-40, 10% glycerol, and 0.35 mg/ml phenyl- 
methylsulfonyl fluoride. The lysate was centrifuged at 12,000 x g for 
5 min, and tyrosyl phoapnoproteins in the supernatant were immu- 
noprecipitated with a monoclonal anti-phosphotyrosire antibody and 
protein A-sepharose (Pharmacia). The immunoprecipitatea were 
washed once with PBS containing 1% Nonidet P-40 and 100 iiM 
NaaV0 4 , twice with 100 inM Tris, pH 7.5, containing 50Q mM UCl 3 
and 100 km K*VO«. and once with 10 mM Tris, pH 7.5, containing 
100 mM NaCl, 1 mM EDTA, and 100 nM NajVO,. The pellets were 
resuspended in 40 n\ of 10 mM Tris, pH 7.5, containing 100 mM NaCi 
and 1 mM EDTA. To each tube was added 10 rf of 100 mM MnCi ? 
and 20 jig of phosphatidyliriositol (Sigma). The phosphorylation 
reaction was started by the addition of 10 jd of 440 jiM ATP containing 
30 pCi of [ a2 P]ATP. After 10 min the reaction was stopped by the 
addition of 20 ^1 of 8 N HCl and 160 4 of CHCl 5 /methanol (1:1), The 
organic phase was extracted and applied to a silica gel thin layer 
chromatography plate {Merck), Thin layer chromatography plates 
v .pt, developed it OHC1 3 /CH 3 OH/HA'NH 4 OH (60 47:11 3 2), dried, 
and visualized by autoradiography, The spots on the autoradiograph 
which eormgrated with authentic phosphatidylinositol 4-phosphate 
(Sigma) were quantitated with a phosphorimager (Molecular Dynam- 
ics, Sunnyvale, CA), 

Measurement of Ornithine Decarboxylase mHNA—A 436-base pair 
Pxtl-Himmi fragment of a mouse ornithine decarboxylase cDNA 
(Kahana and Nathans, 1985) was cloned into pGEM4Z (Promega), 
and an antisense RNA probe was transcribed with T7 RNA polym- 
erase. Confluent cells were made quiescent as described above and 
then cultured for 4 h in the presence or absence of IGF-I (10 nM) or 
<4R-3 (50 nM), Total RNA was prepared, and 10-(ig aliquots were 
analyzed by a solution hybridization/RNase protection assay per- 
formed as previously described (Lowe et al, 1987). Data were quan- 
titated with a Hoefer scanning densitometer (GS-300). 

RESULTS 

Binding Studies— The number of IGF-I receptors in paren- 
tal NIH-3T3 cells (3T3), cells cotranfected with the insertless 
pBPV vector and the neomycin resistance plasmid (Nneo), 
two clones expressing the wild-type human IGF-I receptor 
(NWT10, NWT14), and clones of cells expressing mutant 
IGF-I receptors in which the lysine at position 1003 was 
substituted by alanine (NKA) or arginine (NKR), were ana- 
lyzed by Scatchard analyses (Table I), The receptor number 
in parental NIH-3T3 cells was in accordance with a previous 
report (Kaleko et al., 1990), However, cells stably transfected 
with wild-type or mutated human IGF-I receptor cDNAs 
exhibited elevated numbers of IGF-I receptors. In order to 
confirm that both the wild-type and mutant IGF-I receptors 
bound both IGF-I and orIR-3, inhibition of the binding of 
[ r ~3]iGF-I by 10 nM IGF-I or 50 nM alR-3 was determined. 
As aIR-3 does not bind to the mouse IGF-I receptor, no 

Table I 

Number of IGF-I receptors and inhibition- of binding 
of m I-.I0FJ by SO nM aIR-3 orlOnM IGF-l 
Equilibrium IGF-l binding assays were done as described under 
"Experimental Procedures." Approximate number of cell-surface 
IGF-I receptors/cell were calculated by Scatchard analyses. The 
dissociation constants (Kn) were 5-10 x 10" l ° M. The binding of l!S I- 
IGfr'-l i:i the presence of 10 »M IGF-l or 50 nM alR-3 were measured 
and expressed as the percentage of binding in the absence of compet- 



inhibition was observed in 3T3 and Nneo cells. In all cells 
expressing either wild-type or mutant human IGF-I receptors, 
aIR-3 inhibited the binding of IGF-l, but inhibition was less 
potent than the inhibition by IGF-I itself. 

Stimulation of Thymidine Incorporation by IGF-I— We next 
examined the effect of IGF-I on thymidine incorporation (Fig. 
1). The ceJls overexpressing the IGF-I receptor had higher 
basal levels of incorporation, as discussed below. In both 
NWT10 and NWTU cells, 10 nM IGF-I stimulated thymidine 
incorporation to the same extent as 10% fetal bovine serum. 
In 3T3, Nneo, NKA, and NKR cells, IGF-I also stimulated 
thymidine incorporation (3.6-, 3.6-, 1.6., and 1,8-fold respec- 
tively, over the basal level), although this represented less 
than 10% of the stimulation observed with serum. The stim- 
ulation seen in these clones presumably represented activa- 
tion of the endogenous mouse IGF-I receptor, 

Stimulation of Thymidine Incorporation by aIR-3—la order 
to determine if «ffi-3 had IGF-I mimetic effects in NIH-3T3 
cells expressing human IGF-l receptors, quiescent cells were 
exposed to different concentrations of alR-3, and the stimu- 
lation of thymidine incorporation was measured (Fig. 2). At 
the highest concentration tested (50 nM), high levels of stim- 
ulation (5-fold over the control) were observed in the clones 
expressing the wild-type human IGF-I receptor. In both pa- 
rental NIH-3T3 and Nneo cells, aIR-3 had no effect, as was 
expected from the results shown in Table I. In both of the 
clones expressing kinase-deficient IGF-I receptors, however, 
aIR-3 failed to stimulate thymidine incorporation. 

In Vivo Tyrosine Phosphorylation— Autophosphorylation 
of the IGF-I receptor and tyrosine phosphorylation of Other 
substrates in vim was examined by Western immunoblottiiig 
with an anM-phosphotyrosine antibody. Lysates of cells ex- 
posed to IGF-I or oIR-3 were directly applied to SDS-poly- 




3T3 

NWT10 
NWT14 
NKA 
NKR 



Fic. 1. IGF-I stimulation of thymidine incorporation. Con- 
fluent monolayers of ceils were made quiescent in serum-free media 
for 21 h and then incubated with the indicated concentrations of IGF- 
I or ) o% fetal bovine serum for 5 6 h. [ ? H]Thymidine (1 ^Ci/mL} was 
added to for 1 h. Cells were washed and incorporated counts were 
measured as described under "Experimental Procedures," All assays 
were carried out in triplicate and the standard errors were within 5%. 
The data shown are representative of three independent experiments, 
A lthough basal and maximum responses tended to vary from experi- 
ment to experiment, the stimulation relative to serum stimulation 
was always consistent. For each cell line, relative stimulation as 
compared with serum lUinia ii i, l rcem i ralaUon) was calcu- 
lated as follows; percent stimulation =» (incorporation in the presence 
of IGF-I - basal incorporation)/(mcorporation in the presence of 
serum - basal incorporation) X 100. Values for basal incorporation 
and maximal incorporation induced by IGF-I (basal and maximal 
(cprn/weil)) were, 3T3 (O, ». 141 and 11,418); Nneo (□, 3,353 and 
12,004); NWTIO (», 43,657 and 470,248): NWT14 », 97,481 sad 
387,180); NKA (A, 10,765 and 17,416); NKR (x, 49,848 and 90,232). 
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acrylamide gels. Fig. 3A shows the time course of stimulation 
by the same concentration* (100 nM) of «IR-3 or IGF-I in 
NVYT1D cells. As shown in lanes G-K, stimulation of the 
phosphorylation of the IGF-I receptor 0-8ubunit reached a 
maximum within 1 min. aIR-3 did stimulate receptor auto- 
phusphorylation [lanes A-F), although the kinetics were dif- 
ferent from IGF-I stimulation. Namely, the increase in the 
tyr sine phosphor lation of the IGF-I receptor by aIR-3 
occurred much slower than that by IGF-I, reaching a maxi- 
mums after 60 min. Lanes A- F of Fig. 3B show the stimulation 

i osphorylat b nM IGF-I. In this case, the phos- 
phorylation occurred slower than stimulation hy 100 nM IGF- 
I, suggesting that the stimulation b> IK • s similar to the 

sin ion mi th lov racentr '* IGF-I. The de- 

layed stimulation by low concentrations of IGF-I and the 
stable maintenance of a highly phosphorylated level of the 
receptor (Fig. 3A, lanes G-K; Fig. SB, lanes A-F) are in 
contrast with Our preliminary results in CHO cells overex- 
pressing the IGF-I receptor in which, even at low concentra- 
tions o.f IGF-I (10 nM), receptor autophosphorylation reached 
a maximum within 1 min and declined rapidly thereafter. 5 
incubation of 3MWT10 cells with control IgG for 5 or 60 min 
(Fig, %B, lanes G and H) did not stimulate autophosphoryla- 
tsot NKR eel! leits r IGF-I nor aIR-3 caused autophos- 
phorylation (Fig, 3B, torses / and J). Fig. 3C shows the 
phosphorylation of Nnso cells hy IGF-I. Low level of auto- 
phosphorylation of the receptor was seen as two separate 
bands and the molecular weight of the receptor was apparently 

if i cut froi man IGf ! - nor These bands may cor- 
respond to the (3-subunits of the IGF-I and insulin receptor 
Or different subtypes of the IGF-I receptor, The latter is 
favored by the fact that this cell line has 7-fold less insulin 
receptors than IGF-I receptors (data not shown). In NKB 
cells (Fig. these bands were not visible. Tyrosine phos- 
pht ryl ( 220-kDa protein was markedly stimulated by 
IGF-I and only slightly by «IR-3. 

2-DenxyglucoM! Uptake—The effect of IGF-I (10 nM) and 
rtIR-3 (50 dm) on 2-deoxyglucose uptake was examined (Fig. 

* H. Kato, manuscript In preparation. 




FtC, 3. Stimulation of tyrosine phosphorylation in intact 
uiW. >P SorlGI 1 > sate Is Ire t i *< t-3o IGf 

I were directly applied to SDS-polyacrylamide geis, and proteins 
r j 1 1 t ! r lected with Western inumi 

u ig as d L f . r 1 ' i l >' ed 1 T- U 
epresentath "s, infi'^r ssa KVV'l 11b ere 

treated* hl00nMolR-3 mt " r , < ' *0 nM IGF-I (for G-ft 
for 0 (A) 1 [B and G), 5 {C and H), 15 [D and /) .60 {B and J J 240 
if r.dA'ji B, NWTi tceli • U mib 10 n IGF-I for I 

i i i ), M (JS), 2*0 if) m trol IgG fci 

[Ol BOfHlmin NKR ells were treated witl 0 nM GF-I /hi 100 
r. M s.IH-3 f-/) for 60 min. The result obtained with NKA cell* were 
i tn 1= front tl iKR cells (data not shown). C 1 

cells w ' eared without. {A »r wit <-> ) 10 nM IGF-I for 60 mm, 
]p,- positions l i restated o-,olecular weight markers (kDa) are 



4), Because {vIR-3-induced autophosphorylation of the 8- 
subunit of the IGF-I receptor was slower than that induced 
by IGF-I, we tested the effect of the length of exposure to 
ligand, After a short exposure (15 or 30 min) of the ceils 
expressing wild-type human IGF-I receptors, the level of 
stiraulationi 1 2-deoxygh cose uptake by «IR-3 was about 35% 
of the; '1 1 « ition 'Ol 1 I Aftt SO nth* he stin ulati i p, 
csIR-3 was 65% of that by IGF-I, These results agree with the 
kinetics of tyrosine phosphorylation. In Nneo and NKR cells, 
IGF-I stimulated 2-deoxvglucose uptake less prominently 
than in NWT10 cells, and «IR-3 did not have any effect in 
these cells. Stimulation of 2-deoxyglucose uptake in NKR 
cells by IGF-I required a longer exposure. 
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FIG. 4. Stimulation of 2-deoxyglucose uptake by ciIR-ti and 

1GI i. Cell ere in bated for th Heated rind in th jresenee 
.f 50 nM r<IR-3 or 10 hm IGF-I ntake of 2-tJ xygluco ir "mi 
wax messwed as described under "Bxperlmeo1*l Procedures." The 
data shown are rcprescutalive of t wo experiments. Data are expressed 
per imulfit ion owr if* basal D fi'erencea in 1 i 

i r i i n 1) pi h a I I (i 

i i - were done ii ripl «"* 1,1 L nrswer« • thi i 

id m min of NW1 !K-J (C.2 «»« 8.2 md 31 

+ IK ik K , • * i i (J 

■ V. f R + IGF-i: A, N! 

«ir-:i. 




The kinetics of stimulation of PI3-kinase by aIR-3 were 
slightly different: a longer time was necessary .to obtain the 
greatest stimulation, since the maximal activity was observed 
at .15 min {lane I). The rate of decrease of «IR-3-induced PI3- 
kinase activity was also slower. 

The induction of PIS-kinase activity in NWTlQ, NKR, and 
Nneo cells ai et stimulat on with either IGF-I or aIR-3 is 
shown in Pig, 6. In NWTlO cells, PI3-kinase a ivity was 
markedly increased by IGP-I and by «IR-3 (11.1- and 8.3- 

t \ I p 1 \K r e 1 ] let i € 

of n i -kinase, and levels after stimulation by «IR-3 were 
in ' ngui hab from basal levels . IGP-I had a small effect 
in Nneo cells but not in NKR cells. These results show that 
overaxpresskm of both wild-type and kmase-deficient IGF-I 
receptor caused a constitutive activation of PI3-kinase, al- 
ii • gh the u utant receptor was not responsive to IGP-I and 
ttIR-3, 

Induction of Ornithine Decarboxylase mRNA— Ornithine 
decarboxylase is a rale-limiting enzyme in the polyamine 
biosynthetic pathway. Ornithine decarboxylase mRNA levels 
have been shown to increase greatly after stimulation by 
various growth factors (Hovis et at, 1986). Manzella et al 
(1991) have shown that insulin stimulation of NIH-3T3 cells 
< \ ere <p i essi tigi asulin receptors increased in ornithine decar- 
boxylase mRNA levels 3.5-fold. We examined the effect of 
Gl 7 <rrt ll\ rnithin J i xv! A 
W\ TH in< NKR cells A- sin -n in Fig. 7, IGP-I and «IR- 
3 markedly increased ornithine decarboxylase mRNA levels 
in NWTlO cells (by 7 1- and 1 : pet I 

cells, IGP-I caused a slight increase (I. Mold). Basal level* 
were higher in NWTlO cells and NKR cells than in Nneo 
cells. Similar results were obtained with Northern blotting 
analyses (data not shown). 

DISCUSSION 

Overexpression of hormone and growth factor receptors in 
stably transfected cell lines has proved to be a useful approach 
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Fir,. 8. Time course of IGP-I and nIR-a stimulation of PI8- 
kinase in sells overexpressing the IOF-1 receptor. ,4, PM-kinosc 
act i i i-p >l eimi loprecii tf 1 ! W 1 ell 

imu SI 0 nu IGF-I Uane* B-P) < > nil «U 
W. Cells nail r I I i d G"J, 5 (C and H) 

1/1, GO I 1240 . 1 K\ lin 1 i. ]i atidylinc it I 

tlylinasitoi4-pbosphat 
ie data shown on A. Data ar 




Act i >f Phonph ' i' 'ti l~3-kina*e Tl ability c 
IGF-I (10 nu) and of «IR-3 (50 dm) to stimulate phosphati- 
dylinosii n PI3-kinase) mpared, 1 

NWTlO cells exposed to IGF-I or «IR-3 were immunoprecip- 
itatedwithan anti-pbosphotyrosme antibody, and PI3-kinase 
activity in the tmmunoprecipitate was measured. Both IGF-I 
and rrIR-3 were able to induce PM-kinase, The time course of 
this stimulation is shown in Fig. 5. At 6 min [lam C), IGF-I 
induction was maximal and decayed rapidly after this time. 



FlG. 6. IGF-I and aIR-3 stimulation of PI3-kinase in 
J-Wl 0 Ntvrt <u,d ,N iei eel \, PI n livity in anti 
i photy m mraui precipitai fNVV'l 0) NKR il 

ff-J) eg] , , j , J 0 for 10 

11 i i mm - timulatet 

I , ' t \ n ' - r i t hi , | ! ha ' 

grated with ph latiuyl it i , 1 itif .' t n tand rc 
B. quant Itotion of the data shown on A. Data are expressed as percent 
of (.cells st m detet » I IGF land epreset ■ it a et » >f 

two separate experiments. 
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Fig. 7. Effect of ajOR-S and IGF-I on ornithine deearboxyl- 
as i if V U\t K n hyhridiz n/RJ pr « 

i thine decarboxyl h »t ) ;i e 

INA probe as d r mdcr perinw il > r c i , 
of total RNA from Nn cell ion D-F) WTl cells n , r 
1 NKR cells i j ii out (far > 1 j i 

v tbltew - " tf.a id A, 50 nM «IR-3 or with flanw F, /, and /,) 10 
nM IGF-I for A h was used in the assay. Lanes B and C represent 
pri carried through tht *sa; n the presence c I i;i i* easttRNA 
nd ' i i l> < '(t ut RNase, Tl l 'i 

shown was eap h at < r rt B 

ft i The J> r - kmso L -l b led I BR322 !B nl < iges - rken 
(fens A) are shown on the left. Relative intensities of the hands 
i o pen* penm 4. controttuIR IGF-I) s e 

U4:iU56ii> Nrteocel 1 7.C8 NV, 1*10 lb, ind .Unl 12 
in NKR cells. 

to the investigation of the action of, and structure-function 
relationships in, their signaling molecules. Previous studies 
have demonstrated that cells expressing high numbers of IGF- 
I receptors exhibit elevated DNA synthesis, abrogation of the 
requirement for Other growth factors, and IGF-I-dependent 
cell transformation (Lammers et al, 1989; Steele-Perkins et 
al, 1988; Kaleko et ai.,1990; Chen et al, 1991; McCubrey et 
al., 1991; Pietrzkowski et al., 1992), In the current study, we 
have established stably tranafected NIH-3T3 cell clones ex- 
pressing high numbers of human IGF-I receptors. In these 
, nt 1 (VT.10 and NWT14), IGF-I at physiological concen- 

i i -i | ' \ \ I potation to the san 

extent a* 10% serum (Fig. 1). Additionally, the magnitude of 
acute responses such as 2-deoxyglucose uptake and PI3-kinase 
activation was also high in these cells {Figs. 4-6). This system 
has allowed us to analyze the role of the tyrosine kinase 
activity of the IGF-I receptor in mediation of IGF-I action 
and to determine the mechanism by which an [GF-I-mimetic 
antibody, eJR-3, elicits its biological activity. 

Interestingly, in cells overexpressing either wild-type or 
mutant IGF-I receptors, basal levels of thymidine incorpora- 
tion, P13-kinase activity, and ornithine decarboxylase mRNA 
were higher than in control cells. One possible explanation 
for this is that overexpression of the IGF-I receptor itself may 
cause some receptor autophosphorylation-independent, con- 
stitutive change in the intracellular environment. This change 
could be related to the abrogation of requirement of other 
growth factors for growth stimulation seen in cells overex- 
pr ssi ig ild type receptors (Fig I), although more intensive 
studies are required to elucidate the mechanism and conse- 
quences of the elevation of basal levels of various parameters 
by IGF-Ireeeptor overexpressipn, 

Previous studies using kinase-deficient insulin receptors 
have demonstrated that most, if not all, of the actions of 
insulin require an active receptor tyrosine kinase domain 
{Chen et al, 1937; Ehina et ai,, 1987; McClain et ai, 1987) In 
intact, cells, IGF-1 induces autophosphorylation of the IGF-I 
receptor and the phosphorylation of endogenous substrates 
ssuch as pplSB (IRS-1), mitogen-activated protein kinase 
(MAP kinase), and some nuclear proteins (Kadowaki et al, 
19.87-, Oemar et al, 1991; Roth et ai,, 1991), Consequently, 
tyrosine kinase activity has generally been considered a req- 
uisite for the mediation of IGF-I effects by the IGF-I receptor, 
although no direct jink has been reported previously. Our 
current studies demonstrate that kinase-deficient iGF-I 
receptors, in fact, fail to mediate both metabolic and mitogenic 

tction * IF lf > noff'H hymidine incorporation, 



ornithine decarboxylase gene expression, 2-deoxyglucose up- 
I d PI3-kinase acti > I IGF-I an ir.iP8.ii 
n re n • high numbers of human IGF-I receptors in 
which the lysine in the ATP-bindmg site was mutated to 
argiiiine (NKR) or M mine (NKA) This represents the first 
direct evidence of an absolute requirement for tyrosine kinase 
act i y in the mediation of IGF-I effects by the IGF-1 recep- 
• ir R igorouslj speaking, the loss of receptor responsiveness 
may be due to lack of autophosphorylation, loss of kinase 
act il .. ai c t) er substrates, absence of a conformational 
change induced by ATP binding, or a combination of these 
effects. It is therefore theoretically possible that receptor 
autophosphorylation per se is not necessary for receptor ac- 
Hov, ei i or preliminary study of another IGF-I recep- 
tor mutant in which putative major target residues fortyrosine 
phosphorylation have been altered suggests that tyrosine 
phosphorylation of the receptor itself is important* 

It has been suggested previously that some actions of insulin 
which are mediated through the insulin receptor do not occur 
concomitantly with receptor autophosphorylation. The per- 
tinent studies have generally investigated the effects of insu- 
lin-mimetic antibodies (Hawley et al, 1989; Sung et al. 1989). 
We have employed clones overexpressing wild-type and mu- 
tant receptors to assess the action of the IGF-I-mimetic 
antibody aIR-3 and the involvement of tyrosine kinase activ- 
ity. In cells overexpressing the wild-type human IGF-l recep- 
tor, rtIft-3 stimulated thymidine incorporation, and the stim- 
ulation seen with 50 nM aIR-3 was at least as large as the 
maximal stimulation seen with IGF-I. In addition to stimu- 
lation ■. thymidine incorporation (a long term action), alR- 
3 also increased deoxyglucose uptake and PlS-kinase uptake 
(short term actions), as well as the level of ornithine decar- 
boxylase mRNA. In these studies we have also shown that 
ffIR-3 induces - t nfic <ni ^^phosphorylation of the IGF-I 
receptor, although the kinetics of autophosphorylation are 
slower than those seen with IGF-L The effects of «lR-3 oil 
other parameters such as deoxiglu> uj eat. PIS-kinase 

= 1 vwt- < tent with the vei etics ^ n 
phosphorylation seen with «IR-3. The difference between the 
kinetics of autophosphorylation induced b} IC r l n >, JR 
3 is similar to the phenomenon reported in the case of the 
insulin receptor (Brindle et al. 1990; Steele-Perkins et al, 
he I r ttj of < HI for it b""-F 1 re e; f n h sboen 
shown to be lower than that of IGF-I (Steele-Perkins and 
Roth, 1990b), which may explain the difference in kinetics of 
activation. The difference in the mechanisms of activation of 
the receptor by IGF-I and «IR-3, which will he dis uss d 
below, could be another explanation for the difference of the 
kinetic:-. In intact CHO cells overexpressing human IGF-I 
receptors, Steele-Perkins et al (1988) demonstrated stimula- 
i >n ( hyn Li i i /> an 1 1 lase s< ttion 1 
«{R-3, but did not detect autophosphorylation of the IGF-I 
receptor but equei t light increases in IGF-I receptor 
autophosphorylation could be detected assaying receptors iso- 
lat c rom ER-3-ti tec t, 1 - n a in vitro sssa Steele 
Perkins and Roth, 1990b). The low level of c*!R-3- induced 
autophosphorylation seen in this study could be a character- 
sti( f transfected 10 cells a w ared to J h T3 el 
Xiong et al. (1992) recently demonstrated «IR-3 stimulation 
of autophosphorylation ol the IGF-I receptor isolated from 
placenta. They, however, reported that «IR-3 itself inhibited 
loration in MH-3T3 cells overexpressing 
human IGF-I receptors. In our hands, even purified «IR-3 
from the same source (a gift from Dr. S. .lacohs) also sttmu- 



'* H. Km, T. N. .Faria, B. Stannard, C, T. Roberts, Jr., and D. 
LeRoifh, manuscript in preparation. 



lated thymidine incorporation (data not shown). Possible 
explanations for these differences are differences in cell clones 
and assay conditions such as cell density (confluent versus 
aubconfluent). However, the fact that we consistently ob- 
served IGF-I-roitnetic activities of aIR-3 in all the assays 
employed demonstrates that qIR-3 does have intrinsic IGF- 
I -like effects. 

The mechanism by which alR-3 stimulates receptor auto- 
phosphorylation is unknown. As has been shown in the case 
of an insulin-mimetic antibody (Brindle et al, 1990) and 
suggested in the case of alR-3 (Xiong et al, 1992), cross- 
linking of receptors by «IR-3 may induce a conformational 
change which leads to autophosphorylation. The similarities 
or differences in signaling pathways activated subsequent to 
autophosphorylation induced by IGF-I or aIR-3 has yet to be 
studied. It may be reasonable to assume, however, that they 
are very similar, as «IR-3 mimics IGF-I in a wide range of 
actions, both short term and long term. The various effects 
of aIR-3 were all absent in cells overexpressing lysine mutant 
receptors, suggesting that the effects of aIR-3, tike those of 
IGF-I itself, require the tyrosine kinase activity of the IGF-I 
receptor. 

In summary, we have shown that the ability of the IGF-I 
receptor to mediate a range of actions of the IGF-I receptor 
attributable to IGF-I requires the tyrosine kinase activity of 
the receptor. Additionally, we have demonstrated that the 
tGF-I-mimetic antibody «IR-3 stimulates receptor autophos- 
phorylation and that tyrosine kinase activity is required for 
the various IGF-I-Iike effects elicited by alR-3. 

Ackriowkdiiments— We thank Dr. S. Jacob* (Burroughs Wellcome 
Co., NC) for the human IGF-I cDNA and purified oIR-3 and Dr. C, 
Kahnna (Rehnvnt, Israel) far the mouse ornithine decarboxylase 
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Stable transfeetants of Chinese hamster ovary (CHO) 
cells were developed that expressed the protein en- 
coded by a human insulin-like growth factor I <lGF-I) 
receptor cDNA. The transfected cells expressed 
-25,000 high affinity receptors for IGF-I (apparent 
Ki of 1.5 X i.0~° m), whereas the parental CHO cells 
expressed only 5,000 receptors per cell (apparent K* 
of 1.3 x 10"" M). A monoclonal antibody specific for 
the human IGF-I receptor inhibited IGF-I binding to 
the expressed receptor and immunoprecipitated poly- 
peptides of apparent M, values -135,000 and 95,000 
from metabolically labeled iysates of the transfected 
cells but not control cells. The expressed receptor was 
also capable of binding IGF-II with high affinity {K* 
~3 nM) and weakly recognized insulin (with about 1% 
the potency of IGF-I). The human IGF-I receptor ex- 
pressed in these cells was capable of IGF-I-stimulated 
autopbosphorylation and phosphorylation of endoge- 
nous substrates in the intact cell. This receptor also 
mediated IGF-I-stimulated glucose uptake, glycogen 
synthesis, and DNA synthesis. The extent of these re- 
sponses was comparable to the stimulation by insulin 
of the same biological responses in CHO cells express- 
ing the human insulin receptor. These results indicate 
that the isolated cDNA encodes a functional IGF-I 
receptor and that there are no inherent differences in 
the abilities of the insulin and IGF-I receptors to me- 
diate rapid and long term biological responses when 
expressed in the same cell type. The high affinity of 
this receptor for IGF-II also suggests that it may be 
important in mediating biological responses to IGF-II 
as well as IGF-I. 



Insulin-like growth factorts) (IGF) 1 1 and II are polypeptide 
hormones with -50% amino acid sequence identity with 
proinsulin (1). Although the IGFs can bind to the insulin 
receptor, each has its own distinct receptor (2), The IGF-I 
receptor is structurally similar to the insulin receptor, whereas 
the IGF-II receptor is quite distinct (2, 3). Both the insulin 
and IGF-I receptors are synthesized as a single precursor 
polypeptide of Mr -180,000 which is glycosylated and cleaved 
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to yield two polypeptides of apparent M, -135,000 (the « 
chain) and 95,000 (the £ chain) (4). The a chains of both 
receptors are predominantly extracellular and are labeled 
when the radioactive Uganda are cross-linked to their respec- 
tive receptors (5,3). The fl-subunitB are transmembrane pro- 
teins, and their cytoplasmic domains are tyrosine-specific 
kinases (6). Although slight differences in the substrate spec- 
ificities of the two receptor kinases have been described (7), 
the kinase portions of the two receptors appear to be closely 
related by various biochemical and immunological criteria (7- 

9) . O 
The physiological roles for insulin and IGF-I are, however, | 

quite different. Insulin primarily regulates rapid anabolic g 
responses, including glucose uptake into muscle and fat cells, | 
glycogen synthesis in liver and fat synthesis in adipocytes (6, 2; 

10) . IGF-I, on the other hand, appears to be one of the primary I 
regulators of the growth of organisms (11, 12). Thus, One « 
might predict that the IGF-I receptor kinase might be more % 
potent than the insulin receptor kinase at stimulating long ■3.- 
term biological responses in cells, such as DNA synthesis. § 
Conversely, the insulin receptor kinase might be thought of «3 
as being more potent at stimulating rapid effects in ceils such £ 
as glucose uptake. ' 

Recently, Ullrich et al (13) have isolated from human % 
placenta a cDNA clone which they proposed encoded for the 5 
IGF-I receptor. This clone was identified by hybridization to N 
an oligonucleotide probe whose sequence was based upon the § 
NHs-terminal amino acid sequence of the a-subunit of the 
IGF-I receptor. As expected for the IGF-I receptor, the de- 
duced amino acid sequence of thiB protein showed similarities 
in overall structure with the insulin receptor, including en- 
coding for a single polypeptide precursor of M, ~ 151,869 with 
a predicted cleavage site which would yield an a- and /S- 
aubunit (13). This predicted 0-subunit sequence has a stretch 
of 24 hydrophobic amino acids which is presumably a trans- 
membrane sequence, and the cytoplasmic domain has a se- 
quence which is homologous to other tyrosine kinases. In 
agreement with the biochemical and immunochemical data 
on the IGF-I receptor (7-10), the deduced sequence of the 
kinase portion of this receptor exhibited the highest homology 
(84% sequence identity) with the insulin receptor (13). In 
addition the deduced amino acid sequence contained the 
sequences of five other peptides generated from the «-subunit 
of the IGF-I receptor. These results supported the hypothesis 
that the isolated cDNA encodes for the IGF-I receptor. How- 
ever, the isolated cDNA was found to hybridize to a mRNA 
which decreased in abundance during the differentiation of 
3T3-L1 preadipocytes to adipocytes (13). Since the levels of 
the IGF-I receptor protein have been reported to greatly 
increase during the differentiation of the same cells (14), 
these results raised the question of whether the isolated ctJNA 
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does in fact encode for the IGF-I receptor. In addition various 
forms of the IGF-I receptor have been described in the liter- 
ature (15-21). These different species of IGF-I receptors vary 
in their relative affinities for IGF-I and II, the molecular 
weights of their 0-subunits, and their interactions with anti- 
bodies. 

To characterize further the IGF-I receptor, we have isolated 
an IGF-I receptor cDNA, transfected Chines hamster ovary 
(CHO) cells with this cDNA and isolated cell lines which 
express the protein encoded by this cDNA, This protein was 
analyzed for its ability to bind IGF-I and II and insulin and 
to be recognized by a monoclonal antibody to the human IGF- 
I receptor, In addition the biological responses mediated by 
this receptor were compared with the responses stimulated 
through the human insulin receptor expressed in the same 
cell type. 

EXPERIMENTAL PROCEDURES 
Materials— Recombinant IGF-I (22) and IGF-II (23) were the 
generous gifts of Drs. J. Merryweather (Chiron Corporation) and M. 
Smith (Eli Lilly), respectively. Ascites and hybridoma supematants 
of monoclonal antibody affi-3 (16) were graciously provided by Dr. 
S, Jacobs (Wellcome Laboratories) and purified on protein A-Seph- 
arose. Porcine insulin was purchased from Elanco, gel reagents were 
from Bio-Rad, affinity-purified rabbit anti-mouse IgG was from Pel- 
Freeze. Other reagents were obtained as previously described (24, 25) 

m of Human Placenta IGF-I Receptor cDN A 
ian placental cDNA library was prepared in 
XjjtlO by published techniques (a). In order to isolate a lull length 
IGF-I receptor cDNA, an oligonucleotide representing bases 136-181 
of the published sequence of the human IGF-I receptor cDNA (13) 
was synthesized. The oligonucleotide (labeled with [v 3! P]ATP and 
T4 polynucleotide kinase) was then used to screen 6 x 10 s plaques of 
the library: hybridization was in 25% formamide, 6 x SSC, and 5 x 
Denhardt's at 42 °C; washing was with 2 x SSC at 50 "C. Seven 
clones that hybridized to this probe were plaque-purified. One of 
these clones had a 5.5-kilobase pair EcoRI insert sufficient to encode 
the entire IGF-1 receptor. The restriction map of this insert agreed 
completely with the published sequence, except that this clone had a 
substantially longer 5' -untranslated region (600 base pairs in our 
clone versus 45 base pairs in the published sequence), Approximately 
80% of our clone has been sequenced, and this sequence agrees 
entirely with that of the published sequence (13). 

Expression constructs were prepared by ligating the 5.5-kilobase 
pair firoRI insert into the mammalian expression vector, pECE (25). 
A plasmid with the insert in the proper orientation for SV40 early 
promoter-dependent transcription was identified by restriction map- 
ping and designated by pE-IGFIR. DNA from pE-IGFIR and a 
plasmid conferring neomyem-resistance were then cotransfected into 
CHO cells by calcium phosphate precipitation (25). Twenty-four 
G418-resistant cell lines were isolated by limiting dilution. Cyto- 
plasmic RMA was prepared from these lines and analyzed by dot-blot 
hybridization for the presence of human IGFIR transcripts. The line 
expressing the greatest amount of mRNA was designated CHO- 
IGFIR and used for the remainder of this study. 

Binding Studies— Confluent 24-welI culture plates of CHO-IGFIR 
or CHO cells were washed and incubated with the indicated labeled 
ligand (50-150 pM) and unlabeled competitor for 5 h at 4 °C in buffer 
B (100 dim Hepes, pH 7.8, 120 mM NaCl, 1.2 mM MgSO<, 15 urn 
sodium acetate, 10 mM glucose, and 1% bovine serum albumin). 
Longer incubations at 4 °C (i.e. 8 or 16 h) resulted in less specific 
binding, in part because of the celts becoming detached from the 
wells. The cells ware solubilized in 0.05% SOS and counted in a 7 
counter. Washings (2 times) were performed at 4 'C and completed 
within a mm, a time such that less than 5% of the specifically bound 
ligand would dissociate. Labeled ligand was prepared by jodination 
of recombinant human IGF-Iby the useof the Bolton-Hunter reagent 
(Du Font-New England Nuclear) (105 Ci/g) or lactcperoxidase (300 
Ci/g). Similar results were obtained with both labeled IGF-I prepa- 



For measurement of the binding of "'I-IGF-I to the isolated recep- 
or, a plate binding assay was utilized (26). In brief, microliter .wells . 
vers sequentially coated with 50 id of affinity-purified rabbit anti- in .6 N HOI 



mouse IgG (40 ng/ml) (Pel Freeze) and 3.0 nM monoclonal antibody 
17A3 and then incubated with 25 jil of a 1:2 dilution of lysate of 
CHO-IGFIR cells (10 T cells lysed with 0.5 ml of 2% Triton X-100 in 
50 mM Hepes, pH 7.6, 5 mM EDTA, 5 mM EGTA, 150 mM NaCl, 1 
mM phecylmethylsulfonyl fluoride, 1 mg/ml bacitracin). After 12 h 
at 4 °C, wells were washed 3 times, and 25 ul of the mix of labeled 
(600 pM) and unlabeled ligand were added. After 5 h at 4 'C, wells 
were washed 4 times and cut out and counted. 

Metabolic labeling— Confluent 100-mra plates of CHO-IGFIR or 
CHO cells were incubated in methionine- and cysteine-free Dulbec- 
co's modified Eagle's medium containing 10% analyzed fetal calf 
serum and 250 M Ci of [^Slroethionine and cysteine (Tran *S-label, 
ICN). After 12 h at 37 °C, complete medium was added to the cells 
and the incubation continued for an additional 7 h. The cells were 
then lysed with 2 ml of 2% Triton X-100 in 50 mM Hepes, pH 7,6, 
100 mM NaCl, 5 mM EDTA, 5 mM EGTA, 1 mM phenylmethylsulfonyl 
fluoride, and 1 mg/ml bacitracin. After 1 h at 0 °C, the lysates were 
t-entrifuged for 20 min at 3000 rpm and the supernatant imnjunopre- 
cipitated with 20 *d of protein A-Sepharose (Pharmacia LKB Bio- 
technologies Inc.) coated with 50 ug of affinity-purified rabbit anti- 
mouse IgG and either 15 jig of monoclonal antibody or control mouse 
IgG. After 19 h at 4 'C, the protein A-Sepharose was washed 4 times, 
and the bound proteins released by heating for 2 min at 100 °C in 1% 
SDS and 4% 0-mercaptoethanol. The released proteins were analysed 
on 7,5% polyacrylamide SDS gels. 

Biological Assays— For measurements of thymidine incorporation, 
monolayers of cells in 24-well plates were incubated for 36 h at 37 "C 
in serum-free Ham's F-12 medium containing 20 mM Hepes, pH 7.3, 
100 units/ml of penicillin and 100 fig/ml of streptomycin. Hormones 
and fresh medium were added, and the cells incubated for an addi- 
tional 8 h. Cells were then pulsed with 0.75 ^Ci of {methyl-^] 
thymidine (ICN) (20 Ci/mmol) for 45 min, washed 2 times, and lyBed 
with 0.075% SDS. Trichloroacetic acid (final concentration, 10%) 
was added to the lysate, and the resulting precipitate was collected 
by filtration on Whatman glass fiber filters, washed with 5% trichlo- 
roacetic acid, and counted for radioactivity. 

For measurements of ligand- stimulated glycogen synthesis, con- 
fluent monolayers of cells in 24-well plates were preincubated for 30 
min at 37 'C in DB buffer (pH 7.4) containing 140 row NaCl, 2.7 mM 
KC1, 1 mM CaCfe, 1,5 mM KH*PO,, 8 mM NajHPO,, 0.5 m M MgCl 2 , 
and 1% bovine svruui albumin, Hormone and 4 M Ci ofu[6- J H]glucoBe 
(0.5 mM, final concentration) (ICN, 25 Ci/mmol) were added and the 
assay continued for 2 h at 37 "C. After washing the cells 2 times, the 
cells were lysed by the addition of 750 id of 30% KOH containing 3 
mg/ml carrier glycogen. The mixture was boiled for 30 min, and the 
glycogen was precipitated by the addition of ethanol (final concentra- 
tion, 70%), After 16 h at 4 "C, the precipitate was pelleted, washed 
with 70% ethanol, dissolved in water, and counted for radioactivity. 

For measurements of 2-deoxyglucose uptake, confluent monolayers 
of cells in 24-well plates were washed with DB buffer and then 
preincubated for 15 min. The assay was initiated by the addition of 
hormone and 30 min later, 0.25 jiCi of deoxy-D-II- ,4 C]gluco« (Path- 
finder) in 0, 1 mM 2-deoxy-D-glucose. After 10 min at 37 "C, cells were 
washed with ice-cold buffer containing 200 pM phloretin, solubilized 
with 0.03% SDS, and the lysates were counted for radioactivity. 

Phosphorylation Experiments— Confluent 100-mm plates of CHO- 
IGFIR cells were washed twice with phosphate-free Krebs-Binger 
bicarbonate buffer containing 0.1% bovioB serum albumin, 10 mM 
glucose, and 20 mM Hepes, pH 7.6, and then incubated in 4 ml of the 
same buffer containing 0,5 mCi carrier-free ["PJcrthophosphate 
(Amereham Corp.). After 2.5 h at 37 "C, the cells were treated with 
either IGF-I, uIR-3, or buffer. The reaction was stopped after 5 min 
by rapidly removing the media, washing the cells, find adding 1 ml of 
lysis buffer (1% Triton X-100, 100 mM NaCl, .50 mM Hepes, pH 7.6, 
1 mg/ml bacitracin, 1 mM phenylmethylsulfonyl fluoride, 1 mM 
sodium vanadate, 10 mM NaF, and 10 mM EDTA). The lysate was 
cleared by centrifugation (11,000 x g for 10 min) and the IGF-I 
receptor was immunoprecipitated with «IR-3 bound to protein A- 
Sepharose (Pharmacia LKB Biotechnology Inc.) coated with rabbit 
anti-mouse IgG, For lysates of cells treated with aIR-3, additional 
rabbit anti-mouse IgG coated protein A-Sepharose was added to 
ensure the precipitation of IGF-I receptor complexed with aIR-3. The 
immunoprecipitates were analyzed by SDS gel electrophoresis and 
autoradiography. The /9-subunit band of the IGF-I receptor was also 
excised from the dried gel by homogenization in 0.06 M NaHCOa 
containing 0.5% SDS and 5% 3-roercaptoethanol. The extracted 
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Speed Vac and the phosphoamino acids were separated by high 
voltage electrophoresis On thin layer silica gels (0.2-ram thickness, E. 
Merck) (27). 

In vivo tyrosine phosphorylation of the receptor and other proteins 
were assessed by immunobiottingwith anti-phosphotyrosine antibod- 
ies. Confluent lQD-mm plates of CHO-IGFIR cells were washed and 
treated with either 10 nM IGF-I or 10 nM kIR-3 in serum-free Ham's 
F-12 media for 5-15 min. For the experiments shown in this paper, 
cells were washed and lysed as described above in the phosphory lation 
studies, In other experiments (not shown), the cells were directly 
lysed with 2% SDS containing 5% 0-mercaptoethanol and loaded 
onto the SDS-polyacrylamide gels. Lysates (the equivalent of 2 x 10 s 
cells/lane) were electrophoresed on 10% polyacrylamide-SDS gels, 
transferred to nitrocellulose filters, and probed with antiphosphoty- 
rosine antibodies (28). The bound rabbit immunoglobulin waa de- 
tected by use of alkaline phosphatase-conjugated anti-rabbit immu- 
noglobulin (Promega Biotech, as detailed in their handbook). In some 
experiments cells were treated with IGF-I and aIK-3 in the presence 
of the phosphatase inhibitor 0.5 mM vanadate or 35 phenylarsene 
oxide. 

RESULTS 

Binding Studies— Chinese hamster ovary cellB (called 
CHO-IGFIR) stably expressing the presumptive IGF-I recep- 
tor cDNA {see "Experimental Procedures" for details on this 
cDNA) were found to specifically bind -10 times more 1M I- 
IGF-I as the parental CHO cells (Table I). These transfected 
cells were found to specifically bind approximately the same 
amount of las I-IGF-II and Vs the amount of 126 I-insulin as 126 I- 
IGF-I (Table I). Scatohard analyses of the binding of 125 I- 
IGF-I to CHO-IGFIR indicated the presence of -25,000 recep- 
tors/cell with an apparent K* of 1.5 X 10"* M for the hormone 
(Fig. 1A). In comparison the parental CHO cells were found 
to have -5,000 IGF-I receptors/cell with an apparent Kj of 
1.3 X 10"* M (F)fr LA). 

To verify that the 125 I-IGF-I was binding to the human 
IGF-I receptor, various monoclonal antibodies were tested for 
their ability to inhibit the binding of 125 I-IGF-I to the CHO- 
IGFIR cells. One monoclonal antibody utilized, aIR-3, rec- 
ognizes the human IGF-I receptor but does not recognize 
either the rodent IGF-I receptor or the human insulin and 
IGF-TI receptors (16). At 10 nM this antibody was found to 
maximally inhibit 70% of the IGF-I binding to CHO-IGFIR 
cells (Fig. IB), The remaining binding could be due to the 
endogenous hamster IGF-I receptor. In contrast two mono- 
clonal antibodies to the human insulin receptor (5D9 and 
MC51) (19) and control IgG at the same concentrations had 
no effect oa the binding of IGF-I to these cells (Fig. IB). 

To define further the specificity of the receptor expressed 
in CHO-IGFIR cells, " 6 I-IGF-I was incubated with these cells 

Binding of labeled insulin, IGF-I, and IGF-II to CHO-IGFIR and 
CHO cells 

Confluent monolayers of cells were incubated for 5 h at 4 °C with 
100 pM of labeled ligand in the presence or absence of the indicated 
competing unlabeled ligand. The cells were washed, lysed, and 
counted as described under "Experimental Procedures," The specific 
activities of the Uganda were 105, 130, and 102 ^Ci/fig for IGF-I, -II, 
and insulin, respectively.. Results shown are averages of duplicate 
wells and the duplicates differed from each other by less than 10%, 
—_ : \ Total 1!i M!gand bound 
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in the presence of increasing concentrations of unlabeled IGF- 

I, IGF-II, and insulin (Fig, 1C). In agreement with the binding 
studies, IGF-II was found to be oniy 2-3 times less potent 
than IGF-I at inhibiting binding, whereas insulin was -100 
times less potent. These results could have been affected by 
the high levels of endogenous IGF-II receptors in CHO cells 
{Table I), The IGF-I receptors from the CHO-IGFIR cells 
were therefore isolated and tested for their relative affinities 
for IGF-I and II. As with the intact cells, IGF-II was found to 
be only slightly less potent (<2-fold) than IGF-I at inhibiting 
the binding of 125 I-1GF-I to the purified receptor, whereas 
insulin was 100 times less potent (Fig. ID). 

These results indicate that the CHO-IGFIR cells express a 
receptor with almost equal affinity for IGF-I and II. Similar 
results were obtained with other preparations of IGF-I and 

II. For comparison we therefore examined the binding of IGF- 
I to its receptor in the rat hepatoma ceils BRL-3A2 (7) and 
in fetal human brain. As with the expressed receptor, IGF-II 
was found to be only 2-3 times less potent than IGF-I at 
displacing i26 MGF-I from its receptor in these other tissues. 

Metabolic Labeling Studies— To examine the structure of 
the expressed protein, lysates of metabolically labeled CHO- 
IGFIR and CHO cells were immunoprecipitated by either 
control IgG or monoclonal antibodies to the human insulin 
(19) or IGF-I receptor (16) (cJR-3). Polypeptides of M, 
-135,000 and 95,000 (corresponding to the a- and /J-subunits, 
respectively) were immunoprecipitated from the CHO-IGFIR 
cells by the monoclonal antibody to the human IGF-I receptor 
but not by control IgG (Fig. 2). The expressed protein was 
also not precipitated by the monoclonal antibody to the 
insulin receptor, which was previously shown to be capable of 
precipitating the human insulin receptor expressed in CHO 
ceils (29). The antibody to the human IGF-I receptor did not 
precipitate similar polypeptides from the parental CHO cells, 
even in greatly overexposed autoradiographs. 

Biological Studies— To investigate whether the expressed 
receptor was functional, the CHO-IGFIR cells were compared 
to the parental CHO cells for their ability to respond to IGF- 
I, At 0,3 and 10 nM, IGF-I stimulated thymidine incorporation 
in the CHO-IGFIR cells -2- and 4-fold, respectively (Fig. 
3A). In contrast the parental CHO cells were stimulated 0.5- 
and 2.5-fold at these concentrations of IGF-I. The increased 
responsiveness of the transfected cells to IGF-I was consistent 
with the functioning of the expressed receptor. To further 
verify that the expressed human IGF-I receptor was mediating 
this response, we utilized monoclonal antibody «IR-S which 
recognizes the human but not the hamster IGF-I receptor 
(Fig. 2). This antibody was found to stimulate thymidine 
incorporation in the CHO-IGFIR cells but not in the parental 
CHO cells (Fig. 3A). The maximal response to this antibody 
was approximately 2-fold and a response was observed at 100 
pM. Similar results were obtained with preparations of the 
antibody isolated from mouse ascites and hybridoma super- 
natants. 

IGF-I was also found to stimulate glycogen synthesis to a 
greater extent in the CHO-IGFIR cells than in the CHO cells, 
with responses of 800 and 50% of control at 10 nM IGF-I, 
respectively (Fig. 3J3). In addition the monoclonal antibody 
to the human IGF-I receptor could stimulate this response in 
the transfected cells but not the parental CHO cells (Fig. 35). 
As with thymidine incorporation, the maximal response elic- 
ited by the antibody was approximately Vs of the response 
observed with IGF-I. Finally, the two cell types were compared 
for the ability of IGF-I to stimulate glucose uptake (Fig. 8Q, 
Again, IGF-I was more potent in the CHO-IGFIR cells than 
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Fig, 1, IGF-I binding to the expressed IGF-I receptor. A, Scalchard plot of IGF-I binding to either CHO- 
IGFIfi rCHQa s Duplicate confluent wells of cells were incubated for 5 b at 4 °C with iactoperoxidase-labeled 
IGF-I, washed, lyeed, and counted. Nonspecific binding was determined in the presence of 100 n'M IGF-I and was 
subtracted frofn all the values. Least squares analysis was used to determine the slope and intercept of the 
Scatchard plot. B, inhibition of IGF-I binding to CHO-IGr IR cells by various monoclonal antibodies and -normal 
IgG (A'feG). Binding was performed as in A except the lS5 MGF-I was labeled with the Bolton-Hunter reagent. C, 
inhibition of IGF-1 binding to CHO-IGFIR ceUs bv insulin, IGF-I, and IGF-TX Binding was performed as in A. D, 
inhibition of IGF-I binding to the isolated IGF-I receptor by insulin, IGF-I, and IGF-II. Binding was performed 
on the IGF-I receptor expressed in CHO-IGFIR cells after adsorption of this receptor onto microtiter wells coated 
with a monoclonal antibody (17A3) which recognizes the r?-subunit of the IGF-I receptor. This antibody does not 
bind to the iGF-11 receptor (24)'. Comparable lysates of the parental CHO cells had less than 5% of the IGF-I 
binding of transfected cells. 

in the CHO cells and «IR-3 could only stimulate a response 
in the transfected cells. 

To determine whether the IGF-I receptor had a different 
potency than the insulin receptor at stimulating responses, 
the same biological responses were studied in CHO cells 
expressing the human insulin receptor. These transfected cells 
have previously been described and shown to have ~15,000 
human insulin receptors/cell (29, 30). Insulin maximally stim- 
ulates glucose uptake 60-110% over controls in these cells 
(29, 30), a value close to that found for IGF-I in CHO-IGFIR 
cells (average stimulation over control cells was 90% in three 
experiments). At 10 nM, insulin was found to stimulate thy- 
midine incorporation and glycogen synthesis in the CHQ- 
HIR cells 4,5- and 6.5-fold, respectively (Fig, 4), values that 
were not significantly different from that observed in CHO- 
IGFIR cells (4- and 8-fold, respectively). 

Receptor Phosphorylation— To investigate in vivo receptor 
phosphorylation, CHO-IGFIR cells were labeled with [ S2 P] 
orthophosphate, treated with IGF-I or «IR-3, lysed, and the 
lysates were immunopreeipttated and analyzed. IGF-I and 
aIR-3 were both found to stimulate the in vim phosphoryla- 
tion of the IGF-I receptor in CHO-IGFIR cells (Fig. 5A). As 
in the biological responses, IGF-I was about twice as potent 
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Fig. 2. Identification of the polypeptide subunits of the ex- 
pressed human IGF-I receptor, Metabolicaliy labeled lysates of 
either CHO («-c) or CHO-IGFIR (d-f) cells were immunoprecipitated 
with either control IgG (a-d), monoclonal antibody to the human 
insulin receptor, MC51 {b and e) or a monoclonal antibody to the 
human IGF-1 receptor, aIR-3 (c and f). The immunoprecipitatea were 
analyzed on SDS-polyacrylanude gels and an autoradiograph of the 
gel is shown. The positions of molecular weight markers (in thou- 
sands) are in " 
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in CHO-IGFIR (closed symbols) and CHO (open symbols) 



:e averages of triplicate wells and are expressed as percent controls without hormone. The average basal 
thymidine incorporations in nine experiments were 102 and 60 fmol for the CHO and CHO-IGFIR ceils, 
respectively. B, glycogen synthesis. Cells were incubated with the indicated concentrations of ligands and with D- 
[ a H]glucose as described under "Experimental Procedures." Results shown are averages of triplicate wells and are 
expressed as percent controls without hormone, The average basal incorporations for the CHO-IGFIR and CHO 
cells were 52 and 60 pmol, respectively, of glucose/4 X 10 5 cells in 2 h. C, glucose uptake. Cells were incubated with 
the indicated concentrations of ligands and with [ l, C]2-deo!tyglucose as described under "Experimental Proce- 
dures," Results shown are the averages of three independent experiments and are expressed as the percent maximal 
stimulation in each experiment. The average maximal stimulations for the three experiments were 92 and 96% for 
the CHO-IGFIR and CHO cells, respectively, and the average basal 2-deoxyglucose uptake for the two cell types 
was 1.4 and 1.1 nraoi/4 x 10° cell in 10 min. 

I but not aIR-3 stimulated the phosphorylation on tyrosine 
residues of several additional proteins, including proteins of 
apparent M r of 150,000 and 40,000 (Fig. 6). As previously 
reported by Chou et ai. (31), insulin stimulated the phospho- 
rylation in the CHO-HIR cells of proteins with similar mo- 
lecular weights (data not shown). The inability to detect 
proteins phosphorylated on tyrosine residues in CHO-IGFIR 
cells in response to alR-3 could have been due to these 
proteins being insoluble in the Triton X-100 used to lyse the 
cells. However, the same results were obtained even when the 
treated cells were directly solubilissed with 1% SPS (data not 
shown). Since a low stoiehiometry of tyrosine phosphorylation 
could be missed in such an experiment, we also treated cells 
with 35 m phenylarsine oxide which has been reported to 
potentiate the ability of insulin to stimulate the phosphoryl- 
ation of proteins in the intact cell (32). Although IGF-I caused 
a marked increase in tyrosine phosphorylation of a number 
of proteins in these cells, we still could not detect any effect 
of «IR-3 on the tyrosine phosphorylation of any of these 
proteins (Fig. 8, lanes d-f), Similarly, vanadate treatment of 
the intact cells (33) potentiated the effect of IGF-I on the 
tyrosine phosphorylation of various endogenous proteins but 
again no effect of «IR-3 could be detected in these cells (data 
not shown), 

discussion 

The present studies demonstrate that CHO cells transfected 
with a presumptive IGF-I receptor cDNA with a sequence 




Fig. 4. Insulin stimulation of biological responses in either 
CHO cells expressing the human insulin receptor (closed sym- 
bols) or the parental CHO cells (open symbols). A, thymidine 
incorporation. Cells were incubated with either the indicated concen- 
tration of insulin (circles) or 30 nM monoclonal antibody to the insulin 
receptor (5D9) plus the indicated concentration of insulin (boxes). 
Results shown are averages of triplicate wells and are expressed as 
the percent controls without hormone. The average basal thymidine 
incorporations were 215 and 201 fmol for the CHO-HIR and CHO 
cells, respectively. B, glycogen synthesis, Cells were incubated with 
tl - h ,ii i isuhn and assayed as described under 

..■'I rimen i) „ n Ledures." Results shown are averages of triplicate 
wells and are expressed as percent controls without hormone. The 
average basal glucose incorporations for the CHO-HIR and CHO 
cells were 54 and 42 pmol, respectively, per 4 X 10* cells in 2 h. 

as aIR-3. (In three experiments, «IR-3 stimulated Vs to Vi as 
much 32 P incorporation into the receptor as IGF-I). Phospho- 
amino acid analyses, however, indicated that «IR-3 stimulated 
the phosphorylation of the receptor only on serine residues, 
whereas IGF-I stimulated the phosphorylation of both tyro- 
sine and serine residues (Fig. &B). 

To assess in viva substrates of the IGF-I receptor and to 
verify the phosphoamino acid analyses, intact cells were 
treated with either IGF-I or qIR-3, lysed, and the lysates were 
examined by immunoblotting for the presence of phosphoty- 
rosine-containing proteins. As in the in vivo phosphorylation 
studies, IGF-I but not «!R-3 stimulated the phosphorylation 
of the receptor on tyrosine residues (Fig. 6). In addition IGF- 



identical to that reported (13) express a protein which binds 
1?5 MGF-I with a high affinity (apparent ff* = 1.5 nM) (Fig. 

1) . Moreover, the expressed protein was recognized by a 
monoclonal antibody which specifically binds the human IGF- 
I receptor (16) and has the appropriate structure (Figs. J and 

2) , These results further establish that Hub cDNA encodes for 
an IGF- 1 receptor. Surprisingly, this receptor also recognized 
IGF-II with high affinity (K* ~3 nM) (Fig. 1). Although several 
reports have described IGF-I receptors with almost equal 
affinities for IGF-I and II (15, 17), moat studies have found 
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Fits. 5. j;j f">e receptor phosphorylation. A, stimulation of 
receptor phosphorylation. CHO-IGFIR ceils were labeled with PPJ 

i i ^ ri buffer (a 

nM IGF-I (f.) or 10 bm otIR-3 (c), iysed, and the iysates were imnm- 
noprecipitated with nIR-3. The immunoprecipitatcs won: analyzed 
by SDS-riolyscryla:nide gel electrophoresis and autoradiography. The 
positions of molecular weight markers (in thousands) are indicated. 
The phosphorylated band at 200,000 was observed in a second exper- 
iment with both IGF-1 and <*IR-3 but it was not present in a third 
experiment. B, phosphoamino acid determinations. The phosphoryl- 
ation (3-subunits from (A) were hydrolyzed and analyzed by high 
voltage electrophoreses an r ' i ca gels The positions of 
standards (located by ninhydrin staining) are indicated, 

that the IGF-I receptor binds IGF-I with 10-30 times higher 
affinity than IGF- II (15. 18, 20, 34-38). One explanation for 
these different results could be the use of partially impure 
preparations of IGF-II in these latter studies. The present 
work utilized highly purified recombinant IGF-II (23) which 
also was almost equipptent with IGF-I in .displacing Ii5 I-lGF- 
I from its receptor in BRLrat hepatomas and in fetal human 
brain, 

It is possible, however, that another IGF-I receptor exists 
which binds IGF-I more selectively. In several studies the 
IGF-I receptor 0-subunit was found to give two species on 
SDS-gel electrophoresis (8, 16). In contrast the expressed 
receptor in CHO-IGFIR cells exhibited only a single 0-subunit 
band on SDS-gel electrophoresis (Fig. 2). In addition a mono- 
clonal antibody {5D9) which recognizes the IGF-I receptor in 
some tissues £19) did not bind to the expressed receptor (Fig. 
IB). These results support the hypothesis that another IGF- 
I receptor type exists, and this species could bind IGF-I with 
higher selectivity. These two IGF-I receptors could arise from 
the same gene by differential processing of the mRNA or by 
a post-translational modification of the protein, The high 
affinity of the present IGF-I receptor for IGF-II could also be 
interpreted to mean that this receptor is responsible for 
mediating the biological responses of cells to IGF-II. 

In the present studies the expressed IGF-I receptor was 
also found to be functionally active. It was capable of media- 
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Fig. 6. Effect of aIR-3 and IGF-I on the phosphorylation of 
endogenous substrates. CHO-IGFIR ceils were treated for 10 ram 
at 37 7 C with cither buffer (a), 10 nM IGF-I (i), or 10 wm «IR-3 <c>, 
lysed, and the Iysates were analysed by immunoblotting with anti- 
phosphotyrosine antibodies. To enhance the detection of endogenous 
substrates. CHO-IGFIR cells were also treated with 35 W phenylar- 
e(31)I 0 min at 37 'C, then either buffer W), 10 nM IGF- 
I (e), or 10 nM aIR-3 (/) was added, and after an additional 10 rata 
at 37 *C the cells were processed as above. The positions of prestained 
molecular weight markers (in thousands) are indicated. 

ting long-term (DNA synthesis), intermediate (glycogen syn- 
thesis), and rapid effects (glucose uptake) of IGF-I. Evidence 
that the human receptor was mediating these responses was 
obtained by the finding that the CHO- IGFIR cells were more 
responsive to IGF-I than the CHO cells, and that a mono- 
clonal antibody (aIR-3), which is specific for the human IGF- 
I receptor (16), could stimulate a response in the transfected 
cells but not the parental cells (Fig. 3). Also of interest was 
the finding that the IGF-1 receptor had about the same 
potency at stimulating these three responses as the human 
insulin receptor expressed in the same parental CHO cells 
(Fig. 4 and Refs. 29-31). These results are consistent with the 
reports that the major endogenous substrates for the insulin 
receptor tyrosine kinase are the same as those for the IGF-I 
receptor (33-41). These results indicate that there are no 
inherent differences in the abilities of these two receptor 
kinases to mediate various responses and suggest that the 
different physiological roles of these two hormones (6, 10-12) 
are determined by the distribution of the two receptors on 
different cells and/or the pharmacodynamics of the two hor- 
mones. 

Quite unexpected was the finding that the monoclonal 
antibody crlR-3 was capable of mimicking the ability of IGF- 
I to stimulate three different biological responses in the CHO- 
IGFIR cells. The antibody was approximately % as potent as 
IGF-I in the maximal responses it could stimulate. This 
antibody has previously been found to be an antagonist of 
IGF-I in other cell types (42-46). The mechanism whereby 
this antibody stimulates a response is unclear. Unlike IGF-I 
the antibody did not stimulate either the tyrosine phospho- 
rylation of the IGF-I receptor ot the tyrosine phosphorylation 
of the major in vivo substrates (Figs. 5 and 6). The antibody 
did, however, stimulate the serine phosphorylation of the 
receptor (Fig. 5). This is further evidence that the antibody 
is capable of stimulating the same responses as IGF-1. These 
data could be interpreted to mean that the antibody stimulates 
responses independently of the intrinsic tyrosine kinase ac- 
tivity of the receptor. However, this is unlikely since other 
antibodies (47, 48) which had been thought to act in this 
fashion were incapable of stimulating a response in cells 
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expressing mutated receptors lacking kinase activity {30, 49). 
Alternately, it is possible that this antibody, like other anti- 
receptor antibodies (50-53), can efficiently induce the clus- 
tering and internalization of the receptor without stimulating 
its intrinsic tyrosine kinase activity. If the internalized recep- 
tor is responsible for mediating the biological responses to 
hormone, this internalized basally active kinase may be suf- 
ficient to induce a partial response. It is also possible that the 
antibody stimulates a low stoichiometry of receptor tyrosine 
phosphorylation which is not detected in our assays. However, 
even when inhibitors of phosphatases or potentiators of phos- 
phorylation were added, we could not detect antibody-stimu- 
lated tyrosine phosphorylation of the receptor or other pro- 
teins. Finally, it is possible that the antibody induces a con- 
formational change in the receptor which mimics the effect 
of tyrosine autophosphorylatton of the receptor. According to 
this hypothesis, the autophosphorylation of the 0-subunitof 
the receptor induces a conformational change in the receptor 
which can activate associated proteins without their being 
phosphorylated on tyrosine residues. Additional studies on 
the mechanism whereby this antibody stimulates a response 
may aid in elucidating how tyrosine kinases transduce their 
signals. 
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We recently developed a specific single-chain antibody from immunized 
rabbits to HTV-1 Vif protein that was expressed mtracellularly and 
inhibited reverse transcription and viral replication. The Vif of HIV-1 
overcomes the innate antiviral activity of a cytidine deaminase Apobec3G 
(CEM15) that induces G to A hypermutation in the viral genome, 
resulting in enhancement of viral replication infectivity. Here, we have 
developed a minimal scaffold VH fragment with intrabody properties 
derived from anti-Vif single-chain antibody that was engineered to 
mimic camelid antibody domains. Non-specific binding of VH by its inter- 
face for the light chain variable domain (VL) was prevented through 
amino acid mutations in framework 2 and 4 (Val37F, G44E, L45K, W47C 
and W103R). Our results demonstrate that all constructed anti-Vif VH 
single-domains preserve the antigen-binding activity and specificity in 
the absence of the parent VL domain. However, only the most highly 
camelized domains' had high levels of intracellular expression. The 
jexprsssipn in eukaryptic cells showed that VH single-domains eould 
correctly fold as soluble proteins in the reducing environment. The results 
demonstrated an excellent correlation between improvements in protein 
solubility with gradually increasing camelization. Camelized single- 
domains efficiently hound Vif protein and neutralized its infectivity 
enhancing function, by reducing late reverse transcripts and proviral 
integration. The activity' of the anti-Vif single-domains was shown to be 
ceil-specir]i i — bitor> effects only in cells non-permissive that 
require Vif for HIV-1 replication. Moreover, cell specificity of anti-Vif 
intrabodies was correlated with an increase of Apobec3G, which 
potentiates viral inhibition, The present study strongly suggests that 
camelization of rabbit VH domains is a potentially useful approach for 
engineering intrabodies for gene therapy. 

© 2004 Elsevier Ltd. All rights reserved. 

Keywords: intracellular antibodies; VH single-domains; camelization; Vif 
neutralization; HIV infectivity 



Introduction 

Recombinant antibodies have been usual for an 



increasing number of applications in the field of 
biotechnology and medical applications such as 
diagnosis or therapeutics. 1 ' 2 Recently, recombinant 
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DNA technology has allowed antibody genes to be 
manipulated and expressed inrracelluiarly in 
eukaryotic cells, 3 Intracellularly expressed anti- 
bodies, termed intrabodies, consist of engineered 
single-chain antibodies (scFv) in which the variable 
domain of the heavy chain (VH) is connected to the 
light chain (VL) through a peptide linker, 
preserving the specificity and affinity of the parent 
antibody. 4 - 5 Intrabodies have particular promise in 
the area of functional genomics by directly block- 
ing a protein function or by interfering with 
protein-protein interactions, thereby contributing 
to the understanding of a growing number of 
newly identified proteins. 6 ' 7 In the long term, 
intrabodies may even find an enormous broad 
therapeutic application as in gene therapy setting. 
This new approach has been demonstrated for 
viral resistance in plants, 8 human immuno- 
deficiency virus (HIV) viral proteins 9 " 16 and 
oncogene products.' 7 "" Despite such successful 
results, the efficient cytoplasmic expression of 
.single-chain antibody fragments (scFvs) is gener- 
ally confronted with folding problems, low solubi- 
lity, short protein half-life and high tendency for 
aggregation. 3,17 These problems are most likely 
caused by the reducing environment of the cell 
cytoplasm. 3 

The preserved intrachain disulfide bridges of 
heavy and light chains do not form in' scFvs 
expressed in the cytoplasm, thus resulting in 
unstable intrabodies that are non-functional inside 
the cell. 4,7,20 Therefore, only intrinsically very 
soluble and stable scFv fragments will be able to 
fold correctly in sufficient amounts to be active as 
intrabodies. 21 At this time, no rules or consistent 
predictions can be established about intrabodies 
that will tolerate the reducing cellular 
environments." 17 Within this context, there is a 
strong interest in the ability to express functional 
antibodies in this environment and only recently 
several different approaches have started to 
emerge that meet such requirements. 22 - 23 These 
approaches include in vivo screening for intra- 
body-antigen interaction based on two hybrid 
screening 23 - 25 and construction of antibody 
libraries using randomized complementarity- 
determining regions (CDRs) on scFv frameworks 
that have been selected for high solubility and 
stability in an intracellular environment. 6 - 7,17 - 26 

A promising alternative to conventional intra- 
bodies is the naturally heavy chain antibodies 
devoid of light chain that were discovered in 
Camelidae (camels, dromedaries and llamas). 27 
These antibodies recognize the antigen by one 
very small single-domain (11-15 kDa), referred to 
as VHH, The hydrophobic amino acids normally 
involved in light and heavy chain interactions are 
replaced by hydrophiiic amino acids. 28 Owing to 
these characteristics, VHH single-domains are 
easily produced as recombinant proteins in hetero- 
logous systems, appear to be more soluble and 
stable, and do not have a strong tendency to 
aggregate. 28 " 33 



The human immunodeficiency virus type-1 
(HIV-1) vif gene encodes a 23 kDa protein that is 
essential for viral replication and spread in 
peripheral blood lymphocytes and primary macro- 
phages, as well as in some established T-cell 
lines. 34 " 38 The action of Vif is essential for the com- 
pletion of proviral DNA synthesis after virus 
entry, most likely as a result of its inhibitory effects 
on the cellular cytidine deaminase ApobecSG 
(CEM15), which induces G to A hypermutation in 
the -viral genome and leads to activation of DNA 
repair mechanisms that induce premature degra- 
dation of newly synthesized viral DNA. 39 - 40 We 
recently demonstrated that anti-Vif intrabodies are 
an effective approach to inhibit this crucial step of 
the viral replication cycle. A specific anti-Vif scFv 
from immunized rabbits was shown to bind Vif 
intracellularly and inhibit reverse transcription 
and viral replication. 10 

Recent approaches have been employed to 
generate VH domains for therapeutic application, 
including their application as intrabodies. 41,42 
Here, VH single-domain antibody fragments 
derived from rabbit anti-Vif scFv were engineered 
to obtain minimal scaffold size antigen-binding 
domains with intrabody properties directed 
against the HIV-1 Vif protein. To mimic the VHH 
of Camelicke 2 *- 30AiM amino acid substitutions were 
introduced by protein engineering in the aitti-Vif 
VH domain. Our results demonstrate that ail anti- 
Vif VH domains constructed preserve the antigen- 
binding ictivity ai - i fi m m the absence of 
the parent VL" domain. However, only the most 
highly camelized domains are expressed at higher 
levels intracellularly. These camelized single- 
domains efficiently bind Vif protein and neutralize 
its infectivity-enhancing function, by an increase 
in ApobecSG expression and reduction in proviral. 
integration. Therefore, the present study strongly 
suggests that camelization of a rabbit VH domain 
renders it more soluble and enables higher levels 
of intracellular expression, making these molecules 
potentially useful as intrabodies. 



Results 

Rabbit anti-Vif VH domain 

We chose the rabbit anti-Vif VH antibody 
domain as a model system to evaluate single- 
domains as intrabodies and as a first step towards 
the design of a rabbit-derived minimal scaffold 
with intrabody properties. The anti-Vif VH was 
derived by polymerase chain reaction (PCR) from 
the anti-Vif scFv gene, 3 " The anti-Vif scFv was 
recently seSected from an immunized rabbit library 
and shown to inhibit HIV-1 reverse transcription 
and yiral replication, 10 which makes this intrabody 
an excellent scaffold for testing new strategies to 
improve intrabody properties. 

The anti-Vif VH domain was expressed in the 
periplasm df the non-suppressor Escherichia coli 
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strain TOP10F. After 18 hours of induction, cells 
were lyzed and the soluble fraction was subjected 
to immobilized metal affinity chromatography 
(1MAC). The yield of soluble protein after purifi- 
cation from one liter of bacterial culture was 
0.6(±0.T) mg determined by measuring absorbance 
at v4230 nm. The antr-Vi.f VH domain alone was 
expressed in the periplasnaic space and was puri- 
fied in soluble form. However, approximately 80% 
of the total amount of expressed anti-Vif VH 
domain was also found in an insoluble form as 
determined by Western blot analysis (Figure 1). 
This was not surprising, as most isolated VH 
domains have been found to be insoluble upon 
periplasmic expression, due to the large hydro- 
phobic surface that is usually covered by the VL 
domain. 2 



Cameiized rabbit anti-Vif VH domain 

In order to improve the anti-Vif VH solubility 
required for making these molecules potential 
intrabodies, we mutated the exposed hydrophobic 
surface area contacting the VL domain. Mutations 
were chosen by comparative analysis with VHH 
domains of Camdidae?*^ The residues Val37, 
Gly44, Leu45, and Trp47 are all conserved in rabbit 
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Figure 1, Western blot of soluble and insoluble frac- 
tions of anti-Vif VH single-domain fragments in E. c-oli 
TOP10F strain. E. coli TOP10F bacteria expressing anti- 
Vif VH single-domain after 18 hours by induction with 
0.5 mM IPTG at 37 °C. Antibody fragments were 
extracted from periplasm as described in Materials and 
Methods. The pellets (insoluble fraction) and the peri- 
plasm (soluble fraction) were analyzed by an SDS-PAGE 
15% gel, followed by Western blot using the HRP-conju- 
gated anti-HA monoclonal antibody. As shown, more 
than 80% of VH protein is insoluble. Molecular mass is 
indicated in kDa. 



VH framework 2 and may be involved in inter- 
domain contacts. In original VHH domains of 
Camelidae, these amino acid residues are substi- 
tuted by hydrophilic residues Phe37, Glu44, Arg45 
and Gly47. Trpl03 (framework 4) is another resi- 
due that is essential for interaction with the VL 
domain and is highly conserved in VHs. Trpl03 is 
substituted by Arg in -10% of the VHH 
domains. 30 The W103R substitution found in the 
cAB-CAOS VHH that binds specifically to bovine 
erythrocyte carbonic anhydrase renders the 
domain more hydrophilic. 3 " Therefore, to mimic 
the VHH of Camelidae, single and multiple amino 
acid substitutions were introduced into the anti- 
Vif VH domain (Figure 2). The modifications were 
based on sequences published for single-domain 
antibody fragments with high conformational 
stability and solubility 44 and on the human anti- 
body camelization studies done by Davies & 
Reichmann. 43 We constructed a set of three mutants 
with gradual increasing cameiization. In mutant 
VH-W, the Trp303 residue in anti-Vif VH frame- 
work 4 was substituted by Arg (W103R). in mutant 
VH-CAM, Val37, Gly44, Leu45 and Trp47 in frame- 
work 2 were substituted by Phe37, Glu44, Arg45 
and Gly47, respectively. In mutant VH-D, the five 
mutations described above (V37F, G4-4E, L45R, 
VV47G and WJ03R) were ait introduced into the 
anti-Vif VH domain (Figure 2). Alter introducing 
these alterations, all three mutants were expressed 
in the periplasm. Purification yields of soluble 
protein from one liter of bacterial culture 
normalized to an A S5D of 10 were 0.9(±0.1) mg in 
the VH-W construct, 5(±0.1) mg in VH-CAM, and 
8(±0.1)mg in VH-D. All modifications rendered 
the VH surface less hydrophobic, and aggregation 
was significantly reduced with gradually increas- 
ing camelization (W-^CAM-* D) (Figure 3A). 
The W103R mutation in framework 4 had a weaker 
effect on increasing VH solubility compared to the 
other mutations. The observed expression yield 
per liter of shake-flask culture without optimiz- 
ation was relatively high for the two most highly 
carnalized domains. However, these yields were 
further increased by scaling-up into high-density 
fermentation conditions (data not shown). 

Relative binding affinity of anti-Vif VH single- 
domain antibodies 

To determine the in vitro relative affinity of the 
isolated VH domains for Vif protein, the amounts 
of anti-Vif VH, VH-W, VH-CAM and VH-P 
domains were normalized and analyzed by 
ELBA. As shown in Figure 3B, all of the single- 
domains had similar binding patterns. Wild-type 
and single-domain mutants displayed a ~ 50-fold 
lower relative affinity for Vif as compared to the 
parental anti-Vif scFv 4BL. A similar decrease in 
the relative antigen-binding affinity was demon- 
strated in previous studies when isolated VH anti- 
body fragments were compared with their parent 
antibodies. 45 ' 46 In contrast, control experiments 
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Figure 2. A, Amino acid sequence alignment of the 
rabbit anti-Vif VH domain, the camel Cab-Lys3 domain 
and the cAb-CA05 domain. The frameworks, CDRs and 
the amino acid numbering are as defined by Kabat 
el d. n The camel specific antibody amino acids of frame- 
work 2 and 4 are in bold rh arniru adds Itered □ 
rabbit VH a I c ii J 1 

underlined. B, Schematic representation of the different 
anti-Vif VH coi rue L invest n in this study. 

Single and multiple mutations were introduced into 
anti-Vif VH domain by protein engineering based on 
alignment with the camel Cab-Lys3 and the cAb-CA05 
domains. In mutant VH-W, the highly conserved amino 
acid Tip in anti-Vif VH at position 103 was substituted 
by Arg. In mutant VH-CAM, Val37, Giy44, Leu45 and 
Trp47 (framework 2) were mutated to Phe37, Glu44, 
Arg45 and Gfy47, respectively. In mutant VH-D, the five 
mutations described above (Val37F, G44E, L45R, W47G 
and W103R) were all introduced into the anti-Vif VH 
domain. C, Three-dim i ional structure prediction of 
the camelized anti-Vif VH-D domain. The three-dimen- 
sional structure prediction of the VH domain from scFv 
4BL was obtained by comparative protein modeling 
with SWISS-MODEL. 5 ^ 55 After introducing the mutated 
amino acids the refinement of overall protein structures 
was performed to achieve the model with lowest 
energy. 54 The amino acid mutations introduced into 
anti-Vif VH domain (Val37r - 44E ' 4^R W47G and 
W1Q3R) to mimic the VHH of Camelidoe are shown on 
the exposed region contacting with putative VL domain. 



showed near-background signals and lower non- 
specific binding of all single-domains to bovine 
serum albumin (BSA) and thyroglobulin, similar 
to that of anti-Vif scFv. Therefore, the decrease in 
the relative binding affinity of VH single-domains 
is not dramatic and still allows constant specific 
binding to HIV-1 Vif protein. 



Expression of anti-Vif VH single-domains in 
mammalian cells 

To determine the expression levels of single- 
domains in the reducing environment of the cyto* 
plasm in mammalian cells, VH, VH-W, VH-CAM 
and VH-D were expressed in 293T cells and cell 
lyzates were prepared, centrifuged and the super- 
natant immunoprecipitated with the anti-HA 
monoclonal antibody matrix. Precipitated proteins 
were separated by SDS-PAGE, transferred to nitro- 
cellulose membrane and analyzed by Western blot 
with HRP-conjugated anti-HA monoclonal anti- 
body. As a negative control, lyzates of 293T cells 
not expressing antibody fragments were used in 
Western blot analysis and the total amount of 
single-domain proteins was assayed by compari- 
son with cellular actin. The data in Figure 4 
demonstrate that anti-Vif VH-CAM and VH-D 
antibody fragments were the most abundant 
intracellularly among the four single-domains. In 
mammalian ceils, there was also a strong corre- 
lation between the improvement in protein 
solubility and the gradual increasing camelization 
(W — CAM—D). To further evaluate the 
expression level in the reducing environment of 
mammalian cells, turnover rates of intracellular 
single-domains were measured by pulse-chase 
analysis. After 36 hours post-transfection, cells 
were incubated with methionine/cysteine-free 
medium for two hours and then pulse-labeled 
with { 35 S]methionine/cysteine for two hoars. After 
labeling, medium was chased with excess amounts 
of methionine/cysteine and then harvested at 
several time-points. Labeled lyzates were immuno- 
precipitated with anti-HA affinity matrix, 
separated by SDS-PAGE and visualized by 
autoradiography, Figure 5 shows that anti-Vif VH- 
CAM and anti-Vif VH-D were the most stable, 
showing the higher steady-state accumulation and 
increased half-life, compared to VH and VH-W. 
Moreover, it should be noted that by overall com- 
parison anti-Vif VH-D revealed a relatively higher 
steady-state accumulation at eight hours. In con- 
trast, the overall steady-state levels of anti-Vif VH 
and VH-W were much less than VH-CAM and 
VH-D domains with a relatively short protein 
half-life of about two hours. These results were 
consistent with our observations using immuno- 
fluorescence microscopy where VH and VH-W 
consistently exhibited weaker fluorescence inten- 
sity than VH-CAM and VH-D, suggesting a lower 
concentration of those mtraborjies within cells 
(data not shown). Therefore, protein accumulation 
at steady-state correlates significantly with differ- 
ences in intracellular protein stability of VH-CAM 
and VH-D, 

Camelized VH single-domains inhibit Vif 
function in a frans-complementation assay 

To provide a qualitative and quantitative 
measure 'of the biological activity of the isolated 
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Figure 3. Expression and relative binding affinities of anti-Vif VH, VH-W, VH-CAM and VH-D domains. A, E. coli 
TOPI OF bacteria expressing anti-Vif VII, VH-W, VH-CAM and VH-D single-domains after induction with 0.5 mM 
IPTG at 37 °C for 18 hours. Antibody fragments were extracted from ihe periplasmic space and puriEed as described 
n Materials and n er separation on an SDS-PAGE 15% gel and blotting, single-domains were detected 

A'ith IIRT-c. njugal d nl W mo o. onal ntibod l toche) Molccul r nas is indica id kDa B Phe anti Vr /H 
VH-W, VH-CAM and VH-D single-domains were used for evaluat.ng relative binding affinities to 100 ng of Vif pro- 

n, thyroglobulh BSA byELTSA. Resui b ine 1 by measuring absorbance at 405 run. Data represent 

results of thi pw n I i rv 4B posit nrrol r ! T i n 

I mOar binding patter ti bm ^ 4BL. Background levels were detected using the .control 

antigens BSA and thyroglobulin. 
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Figure 4. Expression of anti-Vif VH, VH-W, VI I -CAM 
and VH-D single-domain intrabodies in eukaryotic cells. 
Anti-Vif VH fntrabody expression vectors were trans- 
acted into 293T cells and after 48 hours cells were lyzed 
in 1 ml of buffer with 50 mM Tris (pH 8,0), 100 mM 
NaCl and 1% Nonidet P-40. The lyzate was cleared by 
centrifugation and immunoprecipitated with anti-HA 
iffini natri (R> ^Kei Phe protein were separated by 
SDS-PAGE (15% gel) and visualized by Western blot 

probed 1 PVP conjugated anti-HA monoclonal anti- 
body To conl I id norn lize tlie transfection effi- 
ciency, mock lyzates of 293T cells were used as controls 
in Western blot analysis (C-) and Ihe total amount of 
VH protein was assayed by comparison with cellular 
actin (anti-a i 3 Cruz). The amount o! 

all proteins was determined by measurements of absor- 
bance relative to the level of VH protein expression. Mol- 
ecular mass is indicated in kDa, 



single-domains, a transient freris-comp lamentation 
assay in non-permissive cells that require Vif func- 
tion for HIV-1 replication was used to examine the 
ability of the anti-Vif single-domains to inhibit a 
single round of HIV-1 replication. This comple- 
mentation assay was previously shown to provide 
a quantitative measure of the ability of wild-type 
Vif to complement a single-round of HIV-1 replica- 
tion in trans.* 7 Non-permissive H^ LTR-CAT 
u.-li won c npfected with pSVCATApni-AVif, 
pVSVG, pSVL-Vif and plasmids encoding anti-Vif 
scFv 4BL, VH, VH-W, VH-CAM or VH-D domains. 
The 'HIV-1 virus particles produced in this assay 
result in only a single round of infection, as the 
packaged viral genome is defective for Env pro- 
duction. The efficiency of a single round of virus 
replication is quantified by measuring the level of 
chloramphenicol acetyl transferase (CAT) enzyme 
activity in the infected cultures after nine days, 
the minimum time for a detectable signal above 
background. Since our goal was to evaluate which 
VH single-domain has the strongest inhibitory 
activity when expressed intraceilularly, the ability 
of the antibody fragments to inhibit a single round 
of HIV-1 replication in tmns was examined. As 
shown in Figure 6, in the absence of Vif, replication 
of ^'//-negative virus was — 90-fold lower than that 
of i>i/-positive virus, Co-expression of anti-Vif VH- 
CAM and VH-D domains in H9 38 cells reduced 
irans-compiementation to 30% and 10% of the 
wild-type level, respectively. In contrast, anti-Vif 
VH and VH-W domains, both expressed at low 
levels in mammalian cells, caused a much less sig- 
nificant reduction in fffltts-complementatiQn to .5% 
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Figure 5. Pulse-chase analysis of anti-Vif VH single-domain intrabodies in transfected 293T cells. At 36 hours follow- 
ing transfi -tjoi 2 r H c ! e pul e-label n p ^jmt *hioi me/cysteme for two hours at 37°C and chased for 
various times with DMEM medium supplemented with 40x excess methionine (1.2mg/ml) and 20 * ci teii 
(0.84mg/mJ). At each time-point, cells were lyzed in buffer with 50 mM Tris (pH 8.0), 100 mM NaCl, 1% Nonidet 
|4r!n prccipiU 1 ti-H fmity matrix (Roche). The ci c II L 

jel) and so liz im autoradi sr» 1 i i t 1 T Is not easing single-domains at time 0 were used in 
estei ii c r r 1 (( I * mes s) are indicated on top. The amount of protein expressed 

at all time-points was determined by absorbance relative to the protein expressed at time 0. As shown, the steady- 
state- levels of VH-D are higher compared to other VH domains. Nevertheless, the protein half-lifes of VH-D and VH- 
CAM are similar. 



of the wild-type level. As a control, permissive 
cells (Jurkat) that do not require Vif function for 
IIIV replication were cotransfected with pSVCAT- 
&env£iVii, pVSVG, pSVL-Vif and plasmids 
encoding anti-Vif single-domains. Expression of 
single-domains in Jurkat cells had no inhibitory 
effect on HIV-1 replication. Thus, the biological 



activities of the anti-Vif VH fragments correlated 
directly with their solubility and increasing steady- 
state levels, indicating that the most highly camelized 
domain has the strongest anti-HlV-1 activity. There- 
fore, the intracellular solubility and stability of an 
intrabody is a critical factor that determines its 
efficiency in neutralizing intracellular antigens, 
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Figure 6. Neutralization of Vif function in a ft JMS-complementation assay Values show nreprcsen Iht percentages of 
replicatton-complenn taiii ' in t or- permissive H a ^ cells (open b i a) i p i sivcjui l cell (filled bars) relative 
le obtained for the wild-tyj I ted with j pVSVC, psvlVif, ai i 

anti-Vif scFv 4BL, VH, VH-W, VH-CAM, or VH-D expressor plasmids as described in Materials and Methods. The 
bilits' of anti-Vif ai hil on was measured by assaying for CAT activity 

n tbi cell re* nine da r b - tioi ackground levels obtained when pVSVG was not cotransfected were 
8(±2)%. Results shown are' the means ± standard errors of two independent experiments. 
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Figure 7. Cell specifi iihil ition of HIV-1 replication in the presence of anti-Vif VH single-domains. Replication of 
HIV-1 encodir nti-\ I kY- 4BI , VH, VH-W, VH^CAM and VH-D antibody fragments was assessed in permissive 
and non-penrussive cells Cell-speci inhibi ried with rHV-K-i. i < 1 i h- T if single-domains pro- 

duced aftei transaction of 293T cell lines with full-length proviral DNA as described in Materials and Methods. 
A, Non-permissive H9 cells were infected with HIV-4BL. HIV VH, HIV-W, HIV-CAM and HIV-D. B, Permissive Jurkat 

lis ere infect \- 'h HIV-4BL, HIV-VH, HIV-W, HA C M and HI D Infection of H9 and Jurkat cells with wild- 

pe 1 I I with HI> if wei p vo and negative controls, respi i " iltures 

i din i ip o -1 divs, si d -u monitor lrJccion acquets were taken at the indicat , me-points So determine 

4 1 v BUS A. The d re representat i independent experim ( cells proliferation kinetics 

with WST-1 reagent. D, Jurkat cells proliferation kinetics ith WST-1 reagent. The resul e li roliferation and 
viability were measured according to the manufacturer's protocol (Roche) by absorption at 405 nm. 
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Inhibition of HIV-1 replication by anti-Vif 
single-domains is specific for non-permissive 
ceils 

The experiments described above examined the 
biological activity of anti*Vif antibody fragments 
in a transient assay under conditions in which 
most virus transmission occurs by cell-to-cell 
spread. 10,411 Vif modulates HIV-1 infection in 
cultured T-cell lines in a cell-dependent manner. 
To evaluate the specificity of viral inhibition in 
permissive and non-permissive cell lines, several 
recombinant HIV-1 viruses expressing each single- 
domain antibody in cis were generated. These 
recombinant HIV-1 viruses were derived from 
pHIVnPLAP-IRES-N 4- , by replacing the human 
placental alkaline phosphatase (PLAP) gene by 
scFv 4BL, VH, VH-W, VH-CAM and VH-D, gener- 
ating pHIV-4BL, pHIV-VH, pHIV-W, pHIV-CAM 
and pHIV-D. In this experiment, 293T cells were 
transfected, and high-liter supernatants of HIV- 
4BL, HIV-VH, HIV-W, HIV-CAM and HIV-D were 
obtained. HIV-1 supernatants normalized for the 
same TOD50 were used to infect permissive cells 
(Jurkat) and non-permissive cells (H9) at a multi- 
plicity of infection of 0.1 and their ability to 
replicate in these cells was assessed by performing 
standard virus growth curves. The cell cultures 
were maintained for up to 20 days and to monitor 
infection, aliquots were taken at the indicated time- 
points and HIV-1 p24 antigen levels were deter- 
mined by E LISA. Two patterns of virus replication 
were obtained (Figure 7 A and B). Non-permissive 
cells tc&tcd ntii,>Hf sent did not support the 
spread of H1V-4BL, HIV-CAM and HIV-D. Similar 
results were obtained with HTVAuif. In contrast, 
the permissive cell line Jurkat supported replica- 
tion of all viruses used in this experiment. In H9 
cells, replication of HIV-VH and HIV-W exhibited 
an intermediate behavior. Previous studies have 
shown that intracellular antibody expression has 
no obvious negative effects on cell viability or 
proliferation. 10 Nevertheless, we quantified cell 
proliferation and cell viability of infected per- 
missive and non-permissive cells compared with 
non-infected cells. The assay consists of a colori- 
metric assay based on the cleavage of the tetra- 
zoiium salt WST-1 by mitochondrial 
dehydrogenases in viable cells (Roche). The 
kinetics of WST-1 metabolism showed that H9 and 
Jurkat cells infected with HIV expressing anti-Vif 
antibody fragments have similar levels of pro- 
liferation compared with non-infected cell lines 
(Figure 7C and D), The same time-points were 
used for p24 antigen detection. As demonstrated 
previously in the transient assay, the replication of 
recombinant HIV expressing camelized VH 
domains shows that the'specificity of Vif inhibition 
by intrabodies correlates with the cellular require- 
ments for Vif function. The inhibition data confirm 
that only the highly soluble camelized fragments 
are able to fold correctly in. sufficient amounts to 
be active as intrabodies. 



AntJ-Vif single-domain antibodies inhibit Vif s 
induced degradation of ApobecSG and avoid 
impairment of viral DNA synthesis 

We next investigated the effect of VH single* 
domains on the fate of the viral reverse transcripts 
to further study the neutralization mechanism of 
HIV infectivity by single-domain constructs. It 
was previously suggested by the Landau labora- 
tory that in the presence of ApobecSG, degradation 
of cDNA was more pronounced for AVif-defeetive 
virus. 39 A more dramatic effect was observed by 
quantification of integrated provirus. These data 
may be explained if the deamination by Ap.obec3G 
at the DNA minus-strand during reverse transcrip- 
tion does not strongly interfere with completion of 
cDNA, but instead the presence of uracyl results 
in degradation of the nucleic acid. To distinguish 
the role of different single-domains after viral 
entry in the target cell, cDNA was analyzed by 
quantitative real-time PGR in a single cycle of 
replication using primers specific for the early 
reverse transcripts, late reverse transcripts, and 
integrated provinces 3 * 45 (Figure 8). Viruses were 
produced in the presence of Apobec3G together 
with constructs of antibody domains, and used for 
infection of target cells. Early reverse transcripts 
peaked with all antibody constructs between nine 
and 12 hours and decreased over time, similar to 
HIV-1 and HIV-1 AW in the presence of Apobec3G 
alone. The analysis of late reverse transcription 
showed differences between constructs. Two 
patterns emerged in comparison with Vif-prjsitive 
and Vif-negative virus in the presence of 
ApobecSG. First, the VH and VH-W constructs 
showed no obvious differences compared to HIV-1 
plus ApobecSG. Second, scFv 4BL, VH-D and VH- 
CAM showed less efficiency in late transcript 
synthesis similar to that of HIV-1 Vif-negative, 
with a decrease of 50% compared to VH. In con- 
trast, quantification of integrated proviruses 
showed a stronger effect of all antibody constructs, 
except for the VH domain. All other constructs 
showed an effect between three- and sevenfold 
less provirus than HIV-1 wild-type. In particular, 
the VH-D and scFv 4BL show the more pro- 
nounced effect compared to other constructs, con- 
firming our data where those antibody fragments 
were the more effective in inhibiting viral 
infectivity. 

To determine whether these defects in reverse 
transcription and integration could be attributed 
to Vif inhibition alone or to downstream effect on 
Apobec3G, we cotransfeeted 293T with the cytidine 
deaminase expression vector, the Vif expression 
vector and different antibody constructs. Examin- 
ation of resultant lyzates revealed that the amount 
of Vif used was sufficient to induce reduction in 
Apobec3G expression (Figure 9 A). When antibody 
-constructs were cotransfeeted together with similar 
amounts of ApobecSG and Vif, different profiles of 
cytidine deam inase expression were obtained. The 
VH construct caused no increase in ApobecSG 
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Figure 9. Single-domain antibodies increase expression of Apobec3C in the presence of Vif and reduce viral 
infeciivily of HW-1 wild-type. A, Sequential immunoblot analysis of cell lyzatcs ot-transfceted with lug of 

CUNA3.1-V) i DNA3 1 r LL I olydonal rtibod and anti-l'L M2 

mouse non donal ant i 1 (Sign i .'ere used as primary antibodies. HRP-cortjugated anti-rabbit IgC and anti- 
mouse IgG vere used s « Jar ibodies respectively. L< i lulled with anti-beta actin antibody 
(Abeam). B, Sequential immimobio.t analysis of cell lyzates co-transfected with 1 jig of pcDNA3.1-Vif and 1 pg of 
pc DNA3.1 -Apobec3G-FLAG, together with VH, VH-W, VH-CAM, VH-D and scFv 4BL. HRP-conjugated ami HA 
monoclonal antibody was used to detect antibody constructs. As observed, VH-D and scFv 4BL have similar effective- 

i on ,-NpWswn f \pobec3G in the presence Vi C, Single f i nfect it> s ay was performed with 

i ild-type HP I < virions, ir the pretence of ApobecSG and VH, VH-W, VH-CAM, VH-D and scFv 4DL constru la 
' . xted with equal quantities of wild-type HJV-1 MMW , Apobec3G 

, l i r> L t u i nahzed for p24 was measured in P4 LTR-f3- 

Gal cells bj q lantifk ati n f the gal tosid a ctr ity in cell lyzates, using a colorimetric assay based on the clea- 
vage of chloropl c lred-p to] anoside(CFRG). 



expression in the presence of Vif. In contrast all 
other constructs increase the expression of 
ApobecSG and this result was dependent on the 
steady-state level of single-domain constructs and 



scFv 4BL. The higher expression of VH-D and 
scFv 4BL promoted the highest increase in 
ApobecSG expression (Figure 9B). To assess if the 
increased expression of Apobec3G in the presence 
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of different antibody constructs was reflected in a 
decreased viral infectivity, 293T cells were 
co-transfected with anti-Vif antibodies together 
with Apobec3G and HIV-1. Resultant viruses were 
collected and used to infect P4 LTR-p-Gal target 
cells, where the level of infectiviry was measured 
by quantification of the (3-galactosidase activity. 50 - 5 ' 
As shown in Figure 9C, a reduced effect in HIV 
infectiviry was obtained with VH and VH-W. In 
contrast, VH-CAM, VH-D and scFv 4BL showed a 
pronounced reduction of 20-15% in viral 
infectivity compared to wild-type virus. These 
data are consistent with results of ApobecSC 
expression, reflecting an optimal inhibition of Vif. 
Taken together, these results suggest that the 
increased steady state of VH constructs optimally 
neutralize Vif and result in an increase stability of 
Apobec3G expression, favoring the inhibition of 
viral infectivity. 



Discussion 

The recombinant single-chain antibody fragment 
(scFv) is usually viewed as the suitable format for 
int i eilular expression in eukaryotic cells. These 
intracellularly expressei mtibod 1-1 a particular 
promise in the areas of functional genomics and 
gene therapy. 6,7 The purpose of these antibody 
fragments is to bind a specific protein and thereby 
inhibit a biological response. However, in the 
reducing environment of the cytoplasm the intra- 
chain disulfide bridges cannot form and only very 
soluble and stably expressed antibody fragments 
will be able to fold correctly in sufficient amounts 
to be active as intrabodies. 21 Moreover, the inter- 
action of single-domains VH and VL by the 
interface is weak and they may aggregate in the 
cytoplasm being targeted to proteosome 
degradation. 

We recently developed an scFv from immunized 
rabbits that binds to HIV-1 Vif protein intra- 
eellularly and inhibits reverse transcription and 
viral replication. 10 The main function of Vif is to 
block the action of Apobec3G, a cytidine 
deaminase that renders HIV-1 non-infectivity by 
inducing G to A hypermutation in newly syn- 
thesised viral DNA. ■ 40 Thus, Vif is an excellent 
target for therapeutic intervention. 

Non-human antibodies are highly immunogenic 
in humans, thereby limiting their potential use for 
therapeutic applications. Nevertheless, in contrast 
to human antibodies derived from large na'ive 
combinatorial antibody libraries that are selected 
in vitro, humanized antibodies derived from 
immune animals have been subjected to in vivo 
selection and, thus are more likely to recognize a 
given antigen selectively. Compared with other 
existing sources of human or humanized anti- 
bodies, immunized rabbits are an attractive 
alternative for several reasons. Humanized anti- 
bodies from immunized rabbits extend the 
accessible epitope repertoire of a given antigen 



Epitopes that are not immunogenic in human or 
mice might be immunogenic in rabbits. This is of 
particular interest for the development of thera- 
peutic scFv or VH single-domain antibodies that 
are to be evaluated in mouse models, and are 
required to recognize both the human antigen and 
its mouse homologues. Moreover, as was pre- 
viously demonstrated, rabbit antibodies can be 
converted to humanized antibodies that retain 
both high specificity and affinity for the antigen. 52 

The results presented here strongly suggest the 
potential utility of rabbit VH single-domains as 
intrabodies, The use of scFv may be preferred due 
to its high affinity and diversity, implied by six 
CDR regions. However, its use as an intrabody is 
limited by low solubility in the reducing environ- 
ment of the cytoplasm due to the lack of intra.cha.in 
disulfide bonds that stabilize conformational struc- 
ture. Therefore, the use of highly soluble and stable 
single-domains may obviate some of the technical 
obstacles responsible for the low efficacy of intra- 
cellular scFv. 

Here, we evaluated rabbit single-domain anti- 
body fragments as intrabodies against Vif protein. 
This constitutes a first step towards the design of 
a rabbit-derived minimal scaffold with intrabody 
properties; where the individual heavy chain 
variable domain (VH) of anti-Vif scFv was 
modified by protein engineering. To improve anti- 
Vif VH domain solubility, the hydrophobic surface 
area exposed in the absence of the light domain 
was mutated to mimic carndid heavy chain 
variable domains (VHH) naturally devoid of light 
chain. 27 The VH residues at positions 37, 44, 45 
and 47 are all conserved, hydrophobic and are 
involved in interdomain contacts.^' 30 In camel 
VHH these residues are substituted by hydrophilic 
amino acid, and thus are more accessible to 
solvent, increasing the solubility of the isolated 
VHH domains, Trpl03 is another amino acid that 
is crucial for the interaction with the VL domain, 
and is absolutely conserved in VH. Trpl03 is main- 
tained in all of the VHH reported structures. As 
reported by Desmyter et al, Arg occupies position 
103 in cAb-CA05, which is found in -10% of 
VHH. 30 The mutation W103R drastically changes 
the nature of the VL surface Interaction without 
disturbing the main chain conformation. It was 
proposed that W103R mutation might be a better 
choice than framework 2 mutations to render 
isolated VHs more soluble. 30 This would allow a 
soluble and more parental-related VH domain due 
to change of a crucial VL interaction residue. 
Therefore, it was inferred in our study that the 
W103R mutation on rabbit VH forms a supplemen- 
tary choice to framework 2 mutants. Nevertheless, 
our results show an incremental role of framework 
2 mutations, as the change of Trpl03 alone slightly 
increased the solubility of VH from wild-type 
levels. Moreover, alterations in framework 2 were 
the major change responsible for increased rabbit 
VH domain solubility. This may be due to the 
different conformational structure of rabbit VH, in 
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which TrplG3 may play a less crucial role for VL 
interaction. Other properties may be speculated, 
since this residue is strongly conserved in rabbit 
heavy-chain domains isolated from recombinant 
libraries (unpublished data). As demonstrated, 
intrabodies VH-CAM and VH-D are far more 
effective and exhibited increased steady-state 
expression levels compared to VH and VH-W. 
One possible explanation for low steady-state 
accumulation of intrabodies is attributed to intra- 
cellular protein stability. A VH single-domain with 
a long protein half-life would persist and poten- 
tially reach a much higher steady-state level than 
one with a very short protein half-life. Our data 
consistently show a strong correlation between tar- 
geting efficiency and the turnover rate, together 
with an increased steady-state accumulation of 
intrabodies in the cell. These results suggest that 
turnover rate, an index of overall protein stability, 
and steady-state accumulation of VH-CAM and 
VH-D are critical factors for the effectiveness of 
intrabodies. In the end, the concentration of intra- 
body inside the cell and the affinity for the antigen 
would govern the extent of its binding and conse- 
quent heutralizarion of function. 

The mechanism of viral inhibition dissected here 
is consistent with Vif neutralization, As demon- 
strated by Mariani et at, Apobec3G in the absence 
of Vif reduces the number of provirus copy 
number. 39 When single-domain antibodies are 
expressed, viral infectivity is predominantly 
affected during reverse transcription of the late 
ePJMA and the effect is more pronounced at the 
integration step, probably caused by a decrease in 
the number of competent nucleic acid molecules. 
This is consistent with the results that show an 
increase in Apobec3G expression when the 
steady-state levels of anti-Vif VH domains and 
scFv become higher. It is conceivable that the 
increase of the intracellular level of Apobec3G will 
promote deamination resulting in a degradation of 
cDNA, as postulated before. 39 - 40 Our results of 
Vif s inhibition are consistent with this model, sup- 
ported also by the corresponding decrease of viral 
infectivity. 

The antibody library of scFv 4BL was derived 
previously from immunized rabbits with HIV-1 
Vif protein. 10 The antibody diversity generated by 
VhPJh rearrangements in rabbits is more limited 
than in mice and hurhans, since VH, is predomi- 
nantly used out of more than 50 functional VH 
gene segments, 53 Somatic hypermutation and 
somatic gene conversion-like mechanisms are 
mostly responsible for the diversity in rearranged 
VhiDJh genes. Therefore, the limited diversity 
imposed by one VH family from rabbit-derived 
antibodies may result in the camelization process 
described in this study being extrapolated to other 
rabbit VH domains. Moreover, the camelization of 
rabbit antibody libraries may result in more effec- 
tive VH domains, as maturation affinity by somatic 
hypermutation is dominant in these animals. This 
argument may invalidate the use of VH synthetic 



libraries by introducing CDR variability on a stable 
scaffold. Nevertheless, it should be noted that 
the discussion about effectiveness of intrabody 
and its half-life in the cytoplasm is still open. It is 
conceivable that less variability to the CDR of VH, 
or the lower affinity of these domains, can be com- 
pensated by superior steady-state levels of these 
proteins inside the cell. 

In conclusion, camelization of rabbit single- 
domain VH framework does not affect antigen- 
neutralization capacity in vitro or in vivo, based on 
functional assays of HIV infectivity neutralization. 
In addition, camelization improves the solubility 
and stability of the VH domain, correlating with 
effects on inhibition of HIV infectivity. We may 
speculate that the improved stability and protein 
half-life of the VH single-domain in the cytoplasm 
may target more effectively the Vif antigen during 
HIV-1 production. Moreover, camelized VH 
domains retain a similar mechanism of action to 
inhibit Vif compared to scFv, which supports our 
conclusion that these modifications in the interface 
of the rabbit antibody VH framework may be pre- 
ferable for intrabody development, 



Materials and Methods 

Cloning VH anti-Vif single-domain antibodies 

A fragment encoding the anti-Vif VH domain was 
generated bv PCR from he pComb3X phagemid vector 
containing the anti-Vif scFv gene {pComb3X-4EL). 10 The 
following pn™ wert used VHP H5 AGGAGGCG 
CGGCCCCGGGGCCCAGGCGGCCAGATCTTCCCAG 
TCGGTGGAGGAG-3' and RSC-B 5'-GAGGAGGAGGA 
GGAGGAGCCTGGCCGGCCTGGCCACTAGTG-3' . The 
resulting PCR fragment was gel-purified., digested with 
the restriction endonuelease Sfil, and cloned into the 
phagemid vector pComb3X. Plasmid pComb3X is 
derived from pC'omb:3H. ls Fur camelization, the anti-Vif 
VH domain was mutated into VH-CAM, VH-W and 
VH-D single-domains by protein engineering. The modi- 
fications tested in our study are summarized in Figure 2 
and were based on sequences published for single- 
loin in an '> J fragments with high conformational 
stability and solubility 4,1 ' and on human camelization 
studies done by Davies & Reichmann,' 13 For the VH- 
CAM mutant spmhr llj.it i 1 rl - i 
point mutations V37F, G44E, L45R and W47G, were 
used for PCR-bascd mutagenesis. The following primers 
were used: VHPiv-F and VH CAM-B 5'-GTGTTACCAC 
TATA A C TA AT C ATTCCG ATI C CTTCTCTTTCCTTCCC 
GGGAGCCTGGCGGAA-3'; and VH CAM-F 5'-TTCC 
GCCAGGCTCCCGGGAAGGAAAGAGAAGGAATCG 
GAATCATTAGTTATAGTGGTAACAC-3' and RSC-B. 
The PCR products were gel-purified and assembled in a 
further PCR reaction using the VHPiv-F and RSC-B pri- 
mers. The resulting overlap PCR product was gel-puri- 
fied, digested ' the restriction endonuciease Sfil, and 
cloned into pComb3X vector. For construction of the 
VH-W mutant, specific oligonucleotide primers encod- 
ing point mutation Wi03R were used: VHPiv-F and 

w103r-b 5-tgcacgcigaggagaccgtgaccagg 
gtgcccgggcccctcaagttaatatccgtataaaa 

ATCTCTACC-3'. For the VH-D mutant, the same cloning 
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procedure for VH ' . oi stt iction was applied but start- 
ing from the VH-CAM mutant. The mutants were veri- 
fied by sequencing. After expression studies in E, coli 
TOP10F and analysis of binding activities, genes 
encoding VH single-domains were transferred into 
pCDNA3.1/Zeo' i.'In itrogen) A methionine initiation 
codon was added into aU VHs by FCR. The primers 
used for cloning in pCDNAS 1 Ze< 1 v ere Babe ScFvS 
5'-GGCATGGGGGCCCAGGCGGCCCAGCTC-3' and 
Babe ScFv3 5'-GCCACCACCCTCCTAAGAAGC-3'. We 
introduced a sequence encoding the HA-tag sequence 
(YPYDVPDYA) at the C terminus, followed by a stop 
codon. The PGR products were cloned by NotI and 
Xhol into pCDNA3.1/Zeo + . Anti-W single-domain 
genes were also cloned into pHIVnPLAP-IRES-N + in 
place of PLAP-JRFS-nef, The primers used for clonine; 
were VL-VH-NOT 5'-ATAAGAATGCGGCCGCTAAA 
CTATATGGGGGCCCAGGCGGCCGAC;CTC-3' and 
4ScFv-HIV-Xho 5'-CCGCTCGAGCGGGCCACCACCCT 
CCTAAGAAGC-3'. Apobec3G was amplified from the 
H9 cell line cDNA using oligonucleotides S'GAATTCA 
AGGATGAAGCCTCACTTCAGA3' and 5'GACTGCAG 
CCCATGCTTCAGTTTTCCTG3' and cloned in 
pcDNA3.1 (Invitrogen). The sequence of FLAG-tag was 
added at the C-terminal end of Apobec3G. The three- 
dimensional structure prediction of the VH domain 
from scFv 4BL was obtained by comparative protein 
modeling tisir g SWiSS-MOl )tL j4 - 56 After introducing 
the mutated amino acids, the refinement of the overall 
protein structure was performed to achieve the model 
with lowest energy, 34 



Expression and purification of anti-Vif sin gle- 
domains antibodies 



To express and purify anti-Vif VH single-domains 
frqm the bacterial periplasmic space, phagemid DNA 
was transformed into non-suppressor E. coli strain 
TOP10F. A fresh colony of each VH clone was grown at 
37 *C overnight in SOB medium containing 100 |i.g/ml 
of .ampiqillin. A 10 ml sample of cells was used to inocu- 
late one liter of SOB medium containing 100 fig/ml of 
ampirillin. Ceils were grown at 37 °C until A 5 - M nm = 0.9, 
induced by the addition of 0,5 mM IPTG and growth 
was continued for 18 hours. After induction, the cell den- 
sities of the samples were analyzed and normalized to 
j4s»„„ = 10. Cultures were ccntrifuged for 30 minutes at 
4000 g and bacterial pellets were disrupted by resus- 
pending in 30 ml of .20 mM Tris-HCl buffer (pH 8.0), 
0.7 M sucrose and supplemented with protease inhibi- 
tors (Roche). After one hour on ice, 5 ml of a 2mg/ml 
lysozyme solution in 0.1 M EDTA (pH 8.0) was added. 
Ceils were incubated for 3D minutes on ice and the sol- 
uble periplasmic extract was collected by 15 minutes 
centrifugation at 14,000 g, VH single-domains expressed 
in the periplasm were purified by . nickel chelate affinity 
chromatography making use of the C-terminal His 6 of 
pComb3X Th 'ui i f ction was concentrated fay 
Centricon columns fMilKpoto). Purified VH single- 
domains were analyzed by SDS-PAGE followed by 
Coomassie blue staining and Western blot with HRP- 
conjugated anti-HA monoclonal antibody (Roche). The 
concentration of proteins was determined, by the Brad- 
ford method by measuring the absorbance at 280 nm. 



Vif expression and purification 

The pDlOVif bacterial expression pkamid was 



described by Yang et alF E. coli TOP10F strain was trans- 
formed with pDlOVif and expression of His s -Vif was per- 
formed under l.rnM IPTG to log phase (A 550lini - 0.6- 
fl.8). After induction for three hours at 37°C, bacteria 
were lyzed in 6,5 M guanidine HC1, 0.05 M sodium phos- 
phate (pH 7.8), 150 mM NaCl, at room temperature. 
Insoluble cell debris was removed by ultracentrifugatian 
and the supernatant was loaded into a Zn-NTA-agarose 
column (Roche). The column was washed extensively 
with 6.5 M guanidine HCI, 0.05 M sodium phosphate 
<pH 6.5), 150 mM NaCl and sequentially loaded wiui 
cm-column folding buffer: 0,05 M sodium phosphate 
(pH 6.5), 150 mM NaCl and left overnight at 4 "C. Eluticn 
of the refolded recombinant Vif protein was performed 
at room temperature with 500 mM imidazole, 0.05 M 
sodium phosphate fpH 6.5), 150 mM KaCI, 0.05% (w/v) 
sodium azide. Vif-containmg fractions were pooled and 
concentrated by dialysis against 80% (v/v) glycerol. Ali- 
quots were stored at 4 °C. 



ELISA measurements 

To analyze relative antigen binding affinities of each 
anti-Vif VH domain, ELISA plates (Nunc) were coated 
with 100 ng of purified recombinant HIV-1 Vif protein, 
thyroglobulin or BSA, overnight at 4 S C. Wells were 
blocked for one hour at 37 °C with 3% (w/v) BSA in 
phosphate-buffered saline (PBS). Purified. anti-Vif VHs 
and anti-Vif scFv 4BL were added to the wells for further 
ncubati i SJid dili -J 1 1 r l Li i i tions i < 
at .10 |xg/ml and "5 jug/ml, respectively. After washing 
the wells with PBS, HRP-conjugated anti-HA mono- 
clonal antibody (Roche) was used for detection. The 
results were obtained from measurement of absorbance 
at 405 nm and were performed in triplicate. 

Cell lines and transfections 



The 293T and P4 LTR-0-Gai cells were maintained in 
Dulbecco's modified Eagles medium and H9, H9 38 ITR- 
CAT and Jurkat cells were maintained in RPMI 1640 
medium. Media were supplemented with 10% (v/v) 
fetal calf serum (FCS), antibiotics (100 units/ml of peni- 
cillin and 100 |o.g/ml of streptomycin) and 2mM gluta- 
mine. All cell cultures were maintained at 37 °C in 5% 
CO-. ; . Tissue culture media and reagents were from Bio- 
Whitaker. To produce large amounts of HIV-1 particles, 
4 x 10 s -5 X 10 6 293T cells were transfected by Fugeno 
(Roche) according to the manufacturer's protocol with 
2 ng of wild-typ. HIV-1 pHI\ i L A if or pHTVn- 
PLAP-IRES-N expressing anti-Vif antibody fragments. 
The same procedure was followed for immunoprecipita- 
tions and Western blot analysis. 

To evaluate expression of ApobccSG in the presence of 
Vif and antibodv constructs !93l :ell lines were co- 
transfected where indicated with scFv 4BL, VH, VH-W, 
VH-CAM and VH-D, together with pcDNA3.1-APO- 
BEC3G and pcDNA3.1-W. Cell lyzates were immuno- 
blotted sequentially with anti-Vif rabbit polyclonal 
antibody, anti-FLAG M2 mouse monoclonal antibody 
(Sigma) and HRP-conjugated anti-HA monoclonal anti- 
bodj (Rodie) To control cell lyzate loading, beta-actin 
monoclonal antibody AC-15 was used (Abeam). 

Expression of VH single-domain antibodies In 
eukaryotic ceils 

At 48 hours post-transfection, 293T cells were washed 
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with 5 ml of cold PBS. Cells were lyzed in 1 ml of 50 mM 
Iris (pH 8.0), 100 mM NaC), 1% Nonidet P-40 containing 
protease inhibitors (Roche) for 60 minutes on ice. The 
lyzate was cleared by centrifugation for 30 minutes at 
14,000 £ and incubated overnight with anti-HA affinity 
matrix (Roche) at 4 °C. Immunoprecipitated proteins 
were separated by SDS/PAGE 15% (w/v) and trans- 
ferred to nitrocellulose membrane. Western blot was per- 
formed with HRP-conjugated anti-HA monoclonal 
antibody (Roche). To control and normalize the transfec- 
tiun efficiency, mock lyzates of 293T cells were used in 
Western blot analysis and the total amount of VH protein 
was assayed by comparison with cellular actin (anti-actin 
antibody, Santa Cruz). 

Pulse-chase 

For pulse-chase experiments, 293T cells (1x10 s - 
2x10') were far nsf ted by Fugene (Roche) with VH 
single-domain plasmids. At 36 hours post-transfection, 
cells were incubated with 1 mi of methionine/ cysteine- 
free medium for two hours at 37 "C and metabolically 
labeled with similar medium containing lOO.^Ci of 
PS]methiomne/eysteine for two hours at 37°C After 
labeling, ceils were washed three times with 1 ml of 
D.V.I'M supplemented with 40 x excess methionine 
(1.2 mg/ml) and 20 x excess cysteine (0.84 mg/ml) and 
incubated with the same medium for various times.. At 
each time-point, cells were washed twice with cold PBS 
and lyzed on ice for one hour with 400 jjlI of lysis buffer 
containing protease inhibitors (Roche), 1 b < 
cleared by centrifugation and supematai J 1 
overnight at 4 °C with anti-HA ail' ! ii matri: Roche) 
Immunoprecipitated proteins were analyzed by SDS- 
PAGE, and the gels *e-i i e 1 It it i i ^ 1 
Atitofluor Image Enhancer (National Diagnostics). The 
dried gels were subjected to autoradiography. 

Replication complementation assay 

A transient complementation assay was performed as 
previously described to provide a quantitative measure 
of the ability of wild-type Vif protein to complement a 
single-round of HIV-1 replicatior it, iranff Briefly, 
H9., s LTR-CAT cells (10 s ) and Jurkat (10 ft ) cells were 
cotransfected by Fugene (Roche), with 2 (j.g of pSVCAT- 
ami'AVif, 2 jLg of pVSVG, 2 |j-g of pSVLVif and cither 
piasmids encoc i. suti ,i scFv 4BL, VH, VH-W, 
VH-CAM or VH-D antibody fragments. The ability of 

Ubody h i > inhibit a single t Ji d oi rrt-ction 
was measured by assaying for CAT activity in the trans- 
fected culture nine days after transfection. CAT assay 
was performed by the Qyan-T-CAT system (Amersham 
Biociences). 

Cell-specific inhibition of HIV-1 replication 

HIV-1 recombinant virus stocks encoding antibody 
fragments were prepared by transfection of 293T cells. 
At 48 hours post-transfection, the viral supernatants 
were normalized for the same TCID50 and used to infect 
permissive cells (Jurkat) and non-permissive cells (H9). 
Cell cultures were maintained for up to 20 days and to 
monitor infection, aliquots were taken at the indicated 
time-points to determine p24 levels by HIV-1 ELBA 
(frmotest). Permissive and non-permissive cells were 
infected with HIV-l NLi . 3 and HIV-W iVif as positive 
and negative controls, respectively. Cellular proliferation 



and viability of infected H9 and Jurkat cells were ana- 
lyzed with tetrazoliurn salt WST-1 (Roche) according .to 
the manufacturer's protocol. 

Infeetivlty assay 

To further evaluate the inhibition of HIV-1 infectivity 
by VH domains and scFv, 293T cells (1 X 10"-2 X 10 s ) 
were cotransfected by Fugene (Roche), with 2 a.g of 
pVSVG, 2 n,g of HIV-W:,, 2 jig of pcDNA3.1-Apobec3G 
.and either plasmids encodii g anti si scFv 4BL, VH, 
VH-W, VH-CAM or VH-D antibody fragments at 2 ug 
each. HJV-W, A Vif were used as negative control. At 
48 hours post-tt isfectian ft viral ipematants were 
normalized for the same TCID50 and used to infect sub- 
confluent P4 LTR-S-Gal cells in 96-well plates. At 
4-1 j srl i i ion, the abili f single-domains 
and scFv antibody fragments to inhibit HIV-1 infection 
was measured by quantification of the B-galactosidase 
activity in cell lyzates, using a cobrimetric assay based 
on the cleavage of chlorophenolred-B-D-galactopyr.ano- 
side (CPRG) by 0-galactosidase. 50 ' 51 Briefly, P4 LTR-B- 
Gal cells were washed with PBS and then lyzed with 
lysis buffer (50 mM Tris (pH 8.0), 100 mM NaCl, 1% 
Nonidet P-40). After incubation for 30 minutes on ice, 
CPRG reaction buffer (6 mM in lysis buffer) was added 
to the cell lyzates and incubated for two hours at 37 °C. 
The results were obtained by measuring absorbance at 
70nmand e performed in triplicate. 

Real-time PCR quantification of HIV-1 oDNA 
synthesis and integration 

Hela CD4 cells (1 x 10") were infected with DNase- 
treated viruses derived by 2931' transfection, Target cells 
were lyzed and DNA was prepared from 0.5 hours to 
24 hours postinfection. As described by Butler et pi., 
early HIV 1 re . r ranscript e juai t d > f i 1- r 
mers ert2f (5'-GTG CCC GTC TGT TGT GTG AC) and 
ert2r (5'-GGC GCC ACT GCT AGA GAT XT) and the 

1 1 l r r r . \i t t * m. 

CTT TTA GTC AGT GTG fl > 1 P 1-3'] Late reverse 
transcripts were quantified with primers MH535, 
MH532, and the probe LRT-P. W Integrated proviruses 
were quantified using primers MH531 and MH704. 

Date base accession numbers 

The sequence reported here has been deposited in the 
GenBank data base (accession number AY369782). 
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Single Domain intracellular Antibodies: A Minimal 
Fragment For Direct In Vivo Selection of 
Antigen-specific Intrabodies 

Tomoyuki Tanaka, M. Natividad Lobato and Terence H, Rabbitts* 

MRC Laboratory of Molecular There is a major need in target validation and therapeutic applications for 
Biology, Hills Road, Cambridge molecules that can interfere with protein function inside cells. Intra- 
CB2 2QH, UK cellular antibodies (intrabodies) can bind to specific targets in cells but 

isolation of intrabodies is currently difficult. Intrabodies are normally 
single chain Fv fragments comprising variable domains of the immuno- 
globulin heavy (VH) and light chains (VL). We now demonstrate that 
single VH domains have excellent intracellular properties of solubility, 
stability and expression within the cells of higher organisms and can 
exhibit specific antigen recognition in vivo. We have used this intracellular 
single variable domain (IDab) format, based on a previously characterised 
intrabody consensus scaffold, to generate diverse intrabody libraries for 
direct in vivo screening. IDabs were isolated using two distinct antigens 
and affinities of isolated IDabs ranged between 20 nM and 200 nM. 
Moreover, IDabs selected for binding to the RAS protein could inhibit 
RAS-dependent oncogenic transformation of NIH3T3 cells. The IDab 
format is therefore ideal for in vivo intrabody use. This approach to intra- 
bodies obviates the need for phage antibody libraries, avoids the require- 
ment for production of antigen in vitro and allows for direct selection of 
intrabodies in vivo. 

© 2003 Elsevier Ltd, All rights reserved. 
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Introduction 

Antibodies and their derivative fragments are 
used in research, in biotechnology and in clinical 
settings for diagnostic and therapeutic appli- 
cations. In the field of cancer therapy, monoclonal 
anti-tumour antibodies have been targeted to 
cancer cells and have had some success for direct 
neutralisation 1 or triggering anti-cancer immune 
responses" but such uses are restricted to extra- 
cellular antigens. However, most oncogenic 



Abbreviations used: Afa, antibody; AP, activation 
domain; JJ-gal, p-galactosidase; CDR, complementarity 
determining region; DBD, DNA-binding domain; FR, 
framework region; IAC, intracellular antibody capture; 
IDab, intracellular single domain antibody fragment; 
PBS, phosphate-buffered saline; scFv, single chain Fv 
fragment; VL, immunoglobulin light chain variable 
domain; VH, immunoglobulin heavy chain variable 
domain. 
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proteins, for instance fusion proteins resulting 
from chromosomal translocations,' are intracellular 
and thus not amenable to conventional antibody- 
based therapy. Further, putative target molecules, 
such as those identified from genome sequencing 
programmes like the Human Genome Project,' 5 can 
be based on open reading frames (ORFs) derived 
from DNA sequence alone. Reagents which can 
interfere with function are key components of the 
functional genomics arm of genome projects. 

Techniques that can elucidate the function of 
gene products are important in biological research. 
A number of approaches are available to define 
gene function, such as knock-out technologies 
which rely on developing a phenotype from 
loss of gene activity in embryonic stem (ES) cells, 
or in mutant mice. Recently, RNA interference 
(RNAi) has been developed to ablate specific 
mRNA species. 5 This approach is limited by 
incomplete RNA cleavage, inaccessible RNA 
sequences and proteins with a long half-life. In 
addition, RNAI cannot be used to specifically 
target individual protein-protein interactions or 
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post-translational modifications of proteins. Intra- 
cellular antibodies (intrabodies) with specific and 
high-affinity binding properties have potential in 
therapy of human diseases and in functional 
genomics 67 in which the target proteins or protein 
interactions are only found inside the cell, Intra- 
bodies are usually single chain variable fragments 
(scFv) comprising a heavy (H) and a light (L) 
chain variable (V) domain held together by a 
flexible linker peptide, to create a single poly- 
peptide chain 8,9 and have been effective against 
target proteins in vwo. 7mn There are, however, 
rather few scFv which work efficiently as intra- 
bodies because antibodies are usually made in the 
endoplasmic reticulum and in the reducing 
environment of the cell, e.g. in the cytoplasm, scFv 
cannot form disulphide bonds, which are critical 
in folding of almost all antibodies, and thus often 
exhibit insolubility, instability and/or incorrect 
protein folding. 

A number of approaches have been devised to 
overcome the limitation imposed by the cellular 
environment. 12 " 11 Intracellular antibody capture 
(LAC) technology is an approach based on selecting 
intrabodies starting with diverse ScFv phage anti- 
body libraries, which are initially screened with 
antigen in vitro, and subsequently screening the 
selected scFv in a yeast in vivo antibody-antigen 
interaction assay. 151 * IAC has proved successful in 
allowing the selection of intrabodies recognising a 
diverse set of antigens and has helped to define a 
scaffold of immunoglobulin V-region residues 
which are particularly advantageous for in-cell 
function.' 7 The generality and speed of IAC is 
currently limited by the initial screen of a phage 
antibody library and also by the need to prepare 
purified antigen for this initial screening step. For 
high-throughput screening purposes, an approach 
is needed for direct screening of intrabodies in 
vivo. Further, a numerical limitation of scFv intra- 
bodies is the combinatorial effect of heavy and 
light chains and the subsequent diversity required 
to include antigen-specific intrabodies. 

Current IAC screening protocols require scFv 
phage antibody libraries of greater than 10* 
diversity to facilitate the isolation of a small 
number (around 10-50) of intracellular 
antibodies."" 17 It is possible that single variable 
region domains, which are the smallest immuno- 
globulin-based recognition units (Dabs), 18 could 
prove more efficacious as a source of intrabodies, 
since the overall complexity for screening 
should be lower than scFv. 1 ' , ' 2 ° We describe here a 
simple procedure for direct in vivo selection of 
intrabodies which utilises a single domain format 
based on the intrabody consensus sequence. 15 
Single domain libraries have been made from 
which intrabodies (I Dabs) have been successfully 
isolated against different epitopes on two different 
antigens; viz. the oncogenic protein RAS and 
the cAMP/ calcium-dependent transcription factor 
ATF-2. The anti-RAS IDabs can inhibit mutant 
RAS-induced NIH3T3 cell oncogenic transform- 



ation, illustrating that IDabs can be functional 
in vivo. 



Results 

Single domain antibody fragments can 
function as intrabodies in vivo 

In our previous study, 17 intracellular scFv anti- 
bodies were isolated by an IAC method 13 and 
their in vivo effectiveness for antigen binding was 
improved using step-by-step mutagenesis of the 
scFv framework to a consensus sequence, 21 We 
have now tested the ability of the individual 
domains of the anti-RAS scFv intrabodies (i.e. the 
single VH domain or the single VL domain) to 
bind antigen in vivo.. Various expressed antibody 
fragments (indicated in Figure 'J A) were tested 
in a luciferase reporter assay which comprised 
rransfecting COS7 cells with a minimal luciferase 
reporter plasmid together with a vector encoding 
RAS antigen linked to the Gal4 DNA-binding 
domain (DBD) and one encoding an antibody frag- 
ment linked to the VP16 transcriptional activation 
domain (AD). The expression of the intrabody- 
VP16 fusions was assessed by detection of proteins 
using Western blotting. All the clones stipport the 
expression of their respective proteins in COS7 
cells (Figure IB) and it is evident that both scFv 
and single domain intrabody fusions (VH and VL,) 
are equivalently and well expressed. 

The ability of the intrabodies to interact with 
their respective antigen in vivo was tested using a 
luciferase reporter gene assay. Figure 1C shows 
the levels of luciferase resulting from transcrip- 
tional activation of the reporter following 
interaction of the Gal4 DBD-RAS and the intra- 
body- VP 16. It is significant that the best luciferase 
activation was achieved with the anti-RAS VH 
single domain formats. For instance, the VH from 
intrabody anti-RAS scFv33 (Figure 1, 33VH) stimu- 
lates the reporter activity about five times more 
than the parental scFv clone (Figure 1(C), 33). The 
anti-RAS VL single domain, however, did not 
activate at all (33VL), As we described previously, 17 
conversion of scFv33 to a consensus format (here 
we used the 121 R33 version) had increased in vivo 
function in terms of antigen binding. The single 
domain VH derived from this intrabody also per- 
formed better than the parental molecule (Figure 
1, I21R33VII) in this reporter assay. Finally, 
mutation of the cysteine residues, which are 
involved in the intra-domain disulphide bonds of 
the VH domains, had no substantial effect on in 
vivo expression or function (clones 121R33VK- 
C22S and I21R33VH-C92S), Thus single domain 
intrabodies (IDabs) can function without the intra- 
domain disulphide bond. We conclude that binding 
of the anti-RAS scFv33 to antigen can occur through 
the VH domain alone and an important corollary is 
that single domains appear to be excellent mediators 
of intracellular antibody function. 
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Figure 1. Interaction of anti-RAS scFv or single domain 
derivatives with RAS protein in mammalian calls COS7 
cells were transiently co-transfected with various scFv 
or single domain (IDab) derivatives fused with the VP16 
\D ogelhe ith 11 1 j n -i 1 i TiP RAS bait plasmid pMl- 
HKASGlZVor pMl-p-gal (lacZ). Two reporter plasmids 
were alap included in each transfection; viz. the firefly 
luciferase reporter plasmid pG5-Luc and an internal 
R ucif se constitutive expression control plasmid 
pRL-CM'V. The luciferase activities were measured 
43 hours after transfection using the Dual Luciferase 
Assay System (Promega). A, Diagrammatic represen- 
tation of the intrabody-VP16 fusions expressed in COS7, 
Anti-RAS scFv33 (33) and 121 R33 have been described 
before." Intrabodies 33VH and 33VL are the VH and VL 
single domains, respectively, From scFv33; I21R33VH 
and I21R33VL are the VH and VL single domains, 
respectively, from scFvI21R33; I21R33VH-C22S is the 
VH single domain from scFvI21R33 with a Cys to Ser 
mutation at position 22 (23 according to the IMGT 
unique numbering for V-DOMAINs' 1 '- 10 ) and 121R33VH- 
C92S is the VH single domain from scFvI21R33 with a 
Cys to Ser mutation at position 92 (104 according to the 
IMGT unique numbering for V-DOMAIN 3, ' w ). B, Western 
blot of COS7 cell extracts after the expression of scFv- 
VP16 or IDab-VP16 fusions. ScFv or IDab-VP16 fusion 
proteins were detected using anti-VF16 (14-5, Santa 
Cruz Biotechnology) monoclonal antibody and horse- 
radish peroxidase (HRP)-conjugated anti-mouse IgG 
antibody. C, The normalised activities are shown for 
firefly luciferase signals compared to the R. luciferase 
activity (used as internal control for the transfection 
efficiency). Results with the Gal4 DBD-RAS bait pMl- 
HRASG12V are shown in black boxes and with pMl-f> 
gal (lacZ) in grey boxes (in all cases, the signal obtained 
with the pMl-p-gal bait was negligible). 



Direct screening of synthetic single domain 
intracellular antibody libraries in yeast 

The observed functioning of single VH domains 
in mammalian cells suggested that the IDab format 
could be generally useful for production of intra- 
cellular antibody libraries with sufficient diversity 
for isolation of antigen-specific IDabs directly by 
yeast antibody-antigen interaction procedures. 14 
This idea was tested by generating IDab libraries, 
based on the previously described inrrabody con- 
sensus framework/ 5,17 for direct in vivo screening 
in yeast. 2 ' Two IDab libraries were made by 
cloning diversified VH domains into the pVP16* 
vector to encode IDab-VP16 fusion proteins. The 
sizes of the libraries were around 3 X If) 6 (IDab 
library 1) and 5 x 10 7 (IDab library 2, estimated 
diversity ~3xlQ 7 ), which were complexities 
compatible with direct yeast screening. 

The IDab libraries were screened with two 
different antigens (viz. HRASG12V and ATF-2) to 
ascertain their general utility. Yeast cells, which 
have his3 and hcZ reporter genes, were transfected 
the IDab libraries together with antigen bait clones 
encoding the antigen fused to the LexA DBD. In 
excess of a hundred clones showed histidine inde- 
pendent growth with either antigen bait (Table 1), 
suggesting the intracellular interaction of the 
antigen and VH single domain intrabodies. These 
clones were picked and assessed using a p-galacto- 
sidase (0-gal) filter assay and the ten causing most 
rapid colour development were .selected and 
sequenced. Figure 2A shows the derived amino 
acid sequences from the VH complementarity 
determining region (CDR) regions, compared with 
the parental CDR regions of IDab 33. Among the 
selected clones, several identical sequences were 
found with IDabs selected against the different 
antigens suggesting that these clones bind with 
LexA DBD portion of the bait protein. This was 
assessed by re-assaying histidine-independent 
growth and [3 -gal activation of each IDab clone 



Table 1. IDab library screening data 

No, clones 



Bait No. clones HIS- B-gal 

(antigen} Library screened growth positive 

HRASG1ZV IDab 7.B6X10' 454 374 
1 

1.65 x 10 s 510 488 
library 2 

ATH-2 IDab 1.18 X IP' 314 277 

library 1 

Two different IDab-VP16 libraries were screened with two 
antigen baits (HRASG12V and ATF-2) as LexA-DBD fusions. 
Library 1 had randomised VH CDR 2 and 3, while library 2 
had randomised VH CDR1, 2 and 3. The primary screening 
results are shown as the initial number of clones screened in 
yeast 140 with the antigen bait and the numbers of colonies 
growing on hisUduie-deficient plates (HIS-growth) and trie corre- 
sponding proportion causing fi-gal activation (fi-gal positive), 
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Figure 2. VH CDR protein sequences of IDabs isolated from intrabody library screening. Alignment of derived 
protein sequences of CDRs of selected IDab intrabody clones obtained by screening the single domain libraries with 
wo protein bai s m HRARG12V and ATF-2 proteins. A, The nucleotide sequences of the IDab clones were obtained 
nd the derived protein t latittps (shown in the letter crc iligned The II Jab CDT ilignc i1 

red with tl f H h hligl Rre K \ ll don in ne defined by IMGT (the inter- 

national ImMunoGeneTics mfomati i torn at hi rtg if 1 fere highlighted in IDab33, top line) and bj 
Rabat ef «/ iunji riii ed in ID i J < r lin i I hi rhe sequences of the IDabs -f-l cted from J e 'irra.j - mh il ost 
regions i .1 h ere landomised by the PGR mutagenesis are highlighted with grey. Note that the anti RAS 11 abs 
clones 11 to 19 originated from IDab library 2 and these have all three CDRs mutated and hence the highlighted 
region of CDR1 as well as CDR2 and 3 in the sequences derived from those clones. B, The middle panel shows 
which VH framework each selected IDab originates from. CON, framework from the scFv625 which carries the 
canomcall/sC onsen s 21R mi I 1 n the scFvl21R33 which has a sequence - ei • to the canonical 

;oi sensus C , Each selected IDab was re-tested in the yeast assay with either the starting bait or the heterologous 
bail using b i l i histidine dependence (HIS) or 6-gal activation assays (p-gal) and scored positive (+) or negative {-) 
in those assays. 



with the heterologous bait (Figure 2C). In this 
way, we found that nine of the anti-RAS IDabs 
showed interaction not only with the cognate bait 
but also with the non-relevant ATF-2 bait (clones 
#1, #2, U, #5, #8, #11, #14, #16, #19), consistent 
with these IDabs being anti-LexA intrabodies. The 
remaining ones were confirmed to have specificity 
against the RAS antigen. All the selected anti-ATF- 
2 IDabs were specific for the cognate antigen. 
Significant length variation of the VH CDR3 was 
found, especially in the anti-ATF-2 clones, consist- 
ent with the method of CDR3 randomisation, 
which included length variation from two to 12 
codons. 

Library selected IDabs can function in 
mammalian cells 

Our results show that it is possible to select 
IDabs by directly screening a library in yeast, thus 
avoiding the in vitro phage antibody library screen- 
ing required in the original IAC method. 1rvK The 
efficacy of these IDabs in mammalian cells was 



tested using three different transcriptional 
rransactivation assays (Figure 3). First, we tested 
the IDab clones in the COS7-based luciferase 
reporter assay. 17 The IDab sequences were cloned 
into a mammalian expression vector to express the 
IDab fused with the VP16AD at the C terminus. 
COS7 cells were transfected with IDab-VP16 con- 
structs and either a specific bait expressing as a 
Gal4 DBD-antigen fusion or a bait comprising 
Gal4 DBD-LexA fusion (Figure 3A and B). We 
observed a degree of variability in the activation 
of luciferase, with some clones giving a high stimu- 
lation of reporter activity, for instance anti-RAS 
clones #6 and #10 (Figure 3(A)), while some only 
produced a moderate stimulation, for instance 
anti-RAS clone #3 or the anti-ATF-2 clones #27 
and #29 (Figure 3(B)). Interestingly, anti-RAS clone 
#3 not only has a long CDR3 compared to other 
anti-RAS IDabs (Figure 2), but only stimulated 
luciferase activation when co-expressed with 
HRAS, but not with KRAS and NRAS, whereas 
the anti-EAS IDab clones #6, #7, #9, #10, #12, #13, 
#1:7 and #18 stimulated luciferase activation when 
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regulated via the Gal4 UAS Site.'' 2 The CHO-GFP cell line 

pMl-lacZ together with the various indicated pEF-VP16-scFv or pEF-IDab-VP16 vectors. GFP 
measured with a FACSCalibur 48 hours after transfeotion. 



Figure 3. Mammalian intracellu- 
lar two-hybrid IDab antibody-anti- 
gen interaction assays. Mammalian 
two-hybrid antibpdy-antigen inters 
action assays were performed with 
three independent methods. , A and 

B, Luciferase reporter assay. C0S7 
were frartsfected with the pEF- 
IDab-VP16 vectors and one of three 
bait vectors, viz. pMTHRASG12V 
(black boxes), pMl-ATF-2 (open 
boxes) or pMl-LexA (grey boxes) 
together with pG5-luc (firefly 
luciferase) and pRL-CMV 
(R, luciferase) reporter plasmids. 
Luciferase levels were determined 
as described in Materials and 
Methods. Each histogram rep- 
resents the firefly luciferase signal 
normalised to the R. luciferase signal 
(used as internal control for the 
transfection efficiency). A, Results 
with HRASG12V-selected IDabs. B, 
Results with ATF-2 selected IDabs. 

C, FACS analysis to detect CD4 
expression. The CHO-CD4 cell line, 
which has a chromosomal CD4 
reporter gene regulated vis the 
Gal4 upstream activating sequence 
(UAS), 1 " was co-transfected with 
the bait vector pM1-HRASG12V, 
expressing RAS protein, or a bait 
vector pMl-lacZ, expressing p-gal 
protein, tog j ilh the indicated 
pEF-scFv-VP16 or pEF-IPab-VP16 
vectors. Induction of cell surface 
CD4 .expression was assayed at 46 
hours after transfection uBing anti- 
human CD4 antibody and FITC- 
conjugated anti-mouse Tg antibody. 
The indicated percentages of CD4 
expressing cells were measured 
with a FACSCalibur. ScFvR4 is an 
anti-fi-gal antibody?' D, FACS 
analysis to detect GFP expression. 
The CHO-GFP eel! line was con- 
structed as described in Materials 
and Methods using a GFP reporter 

■transfected with the bait vectors pMl-HRA5G12V or 
™ '*" ' ipression was 



co-expressed with all three RAS antigens (data not 
shown). These data indicate that the anti-RAS 
intrabody #3 recognises a different epitope on the 
RAS molecule from the other IDabs. Clones #1, #2, 
#4, #11, #14, #16 and #19 stimulated significant 
reporter activity with LexA as a bait which, taken 
together with the finding that these IDabs bind 
both to LexA-RAS and LexA-ATF-2 baits 
(Figure 2C), shows that they are anti-LexA DBD 
intrabodies. 

Validation of mammalian cell activity of the anti- 
RAS IDabs was obtained using Chinese hamster 
ovary (CHO) cells which carry either chromosomal 
CD4* 3 or GFP reporters. When these reporters are 



stimulated by transient expression of a complex 
between Gal4 DBD-antigen and IDab-VP16 
fusion proteins, either the CD4 molecule in 
expressed at the surface of the CHO cells (CHO- 
CD4) or green fluorescent protein is produced in 
the cells (CHO-GFP). The results obtained with 
anti-RAS IDabs in CHO-CD4 and CHO-GFP cells 
are shown in Figure 3C and D, respectively. 
When a non-relevant intrabody, anti-fi-gal 
scFvR*, 2 " was expressed with the RAS bait, no 
reporter activation was observed for either CHO- 
CD4 (Figure 3C) or CHO-GFP (Figure 3D). 
However, around 15-40% of cells displayed 
CD4 or GFP expression when scFvR4 and a lacZ 
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bait were co-transfeeted (Figure 3C and D). The 
bait specificity was reversed when anti-RAS 
lDab33 (the original IDab sub-cloned from the 
anti-RAS scFv33 17 ) or anti-RAS IDab #6 or #10 
were co-expressed with the baits, since activation 
was only observed with the RAS bait (Figure 3C 
and D). These results indicate that the yeast IDab 
library screening approach can select IDabs ivith 
sufficiently good in vivo properties to facilitate 
binding to relevant antigen within mammalian 
cells. 

Single domain intracellular antibodies are 
expressed as soluble proteins in vivo 

The IDab intrabodies that we have used in these 
reporter assays are expressed as fusions with the 
VP16 AD and are well expressed. However, the 
VP16 domain of the fusion proteins could be a 
major determinant of solubility and stability in 
mammalian cells and it is possible that the single 
domains alone would not he well tolerated in vivo, 
as these antibody fragments do have a tendency 
to aggregate in vitro. 25 Indeed, unmodified human 
VH domains, in the absence of the VL domain (i.e. 
with the hydrophobic VL interface exposed) are 
only monomeric at low protein concentrations in 
vitro and begin to aggregate with the increase in 
concentration. 35 ' 30 We have assessed IDab charac- 
teristics in vivo by expressing anti-RAS IDabs in 
NIH3T3 cells by transiently transfecting clones 
encoding either scFv or IDab antibody fragments 
and detection of expressed intrabodies by Western 
analysis using anti-FLAG tag antibody. This 
expression analysis was performed in the presence 
or absence of antigen expression and proteins 
were extracted from detergent lysed cells either in 
the soluble fraction or as post-lysis insoluble 
material collected by centrifugation. IDab and 
scFv intrabody proteins appeared in both the cellu- 
lar fractions in this analysis (Figure 4A and fi) 
and no significant differences were observed 
whether or not antigen was co-expressed. Signifi- 
cantly, anti-RAS IDab clones #6 and #10 seemed to 
be expressed as soluble proteins better than scFv 
formats. These results suggest that IDabs can be 
more stable in cells than the scFv format, perhaps 
because scFv have a peptide linker, which may 
lead to proteolysis susceptibility, following poor 
association of VH and VL in vivo. 

Single domain intracellular antibodies can bind 
antigen in vitro with high affinity 

Determinants of "intracellular affinity" in the 
complex milieu of the mammalian cell are binding 
affinity, expression levels and stability of the intra- 
body in presence and absence of antigen. It is not 
possible to determine binding affinity in vivo or to 
carry out studies of thermodynamic (or kinetic) 
stability or aggregation tendencies. However, to 
assess a parameter of intracellular affinity, we 
have determined the in vitro binding affinity of 




figure 4. Expression of intrabodies in NM3T3 cells. 
NIH3T3 clone D4 were transiently transfected with the 
expression vector pEF-FLAG-Memb encoding either 
scFv or IDab proteins with an N-terminal FLAG tag for 
detection purposes. Transfections were carried with or 
without the RAS antigen expression vector pZIP- 
neoSV(X)-HKASG12V as indicated. Soluble and 
"insoluble" proteins were extracted from NP40 lysed 
cells, separated as described' 7 and fractionated on SDS- 
14% PAGE. After electrophoresis, proteins were trans- 
ferred to membranes and CM,,.- 1 . J +1 a ant! FLAG tag 
monoclonal antibody (M2, Sigma) and HRP-conjugated 
anti-mouse Ig antibody. The migration pattern of 
molecular mass markers (in kDa) is indicated on the 
left. A, Soluble fraction; B, insoluble fraction. 



four selected anti-RAS IDab clones #3, #10, #12, 
compared to the original IDab 33. The Dab proteins 
were expressed in bacteria but the final yields of 
purified Dab proteins were rather low (up to 
0.5 mg per litre of culture), presumably because 
purification and concentration invokes the 
stickiness and aggregation of Dabs at high concen- 
tration in vitro. 2 * 

We measured the RAS antigen-binding affinities 
of the IDabs using a biosensor. The K d of scFv33 
was found to be about 10 nM (Table 2) which is 
consistent with our previous study." The mutated 
scFvI21R33VHI21VL (in which the framework of 
anti-RAS scFv33 is mutated to the 121 consensus 
VH but retains the 121 VL sequence) maintains the 
affinity of scFv33 (K d about 18 nM) consistent with 
the importance of the VH-antigen interaction. 
Loss of affinity was observed when the VH of 
scFv33 was made into the IDab format (Table 2; K d 
of about 90 nM), being about one order of magni- 
tude weaker than original scFv33. The K d of anti- 
RAS IDab clones #3, #10, and #12 were around 
180 nM, 120 nM, 26 nM, respectively. Thus, there 
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Table 2, Affinity measurements of anti-RAS IDab proteins using a BIAcore 



scFv/iPab LUT 1 ; 1 ') U(s-'} K, (nM) 



scFv33 


1.76{± 


1,11) 


XlO 5 


1.13{± 1.16) XlO" 3 


9.97 


±8,82 


scFvI21R33Vffl21VL 


4.7S{± 


1.95) 




8.65(±0.78)X10- 4 


13.19 


±1.85 


IDab 33 


1.25f = 


0.12) 


x 10 1 


1.44{+0.68)X1.0- 2 


•r 13 


±9.70 


IDab anti-RAS #3 


5.66(± 


0.18) 


x 10= 


1.04(±0.01) X HT ! 




±7.19 


IDab anti-RAS #10 


2.32fc 


1.17) 


XlO 4 


2.54{±Q.34)X1Q-' 


121^45 


±46.6 


IDab anti-RAS #12 


2.73(± 


1.12) 


xl(f 


7.05(± 2.28) XlO-' 


26.65 


±2.90 



H.is-tagged antibody fragments were produced by expression in bacteria and purified by KU-NTA agarose affinity chromatography. 
Biosensor measurements were made using a BIAcore 2000, The Table summarises the values of association (fc„) and dissociation rates 
(IU> together with calculated equilibrium dissociation constants (fC> using BIA-evaluatton 2.1 software. At high IDab concentrations, 
non-specific interaction* between IDab and antigen were detected. scFv33' : ; sdrvl21K33VHI21VL is an scFv derivative of scFv33 with 
VH framework regions of scPvT21 , VH CDR1 , 2 and 3 of scFv33 and VL of 121:" IDabs #3, #10 and #12 are intrabodies isolated from 
the IDab libraries using HRASG12V as a bait. 



is no obvious correlation between the in zriiro 
affinity of the anti-RAS IDabs (which is a measure 
of real antigen-antibody interaction) and in vivo 
activity (where the total in vivo antigen-antibody 
interaction involves several factors). These data 
suggest that it is worthwhile evaluating IDabs in 
both in vivo and in vitro assays but nonetheless the 
binding affinity component of the selected IDabs 
is within a suitable range for in vivo function as 
antigen-binding moieties. 

Oncogenic transformation of NIH3T3 cells can 
inhibited by IDab intrabodies 

The purpose of intrabodies is to ablate or other- 
wise interfere with the function of proteins inside 
cells, for instance to block an abnormal function in 
a cancer ceil. The function of oncogenic RAS is 
mediated through constitutive signalling in 
tumours and this can be emulated by introducing 
mutant RAS (HRASG12V; with a glycine to valine 
mutation at codon 12) into NIH3T3 cells, resulting 
in loss of contact inhibition and focus formation in 
confluent cell cultures. We have shown that scFv 
intrabodies, which have been selected by IAC, can 
inhibit the RAS-mediated transformation. 17 We 
have evaluated the utility of IDabs to inhibit trans- 
formation, by carrying out RAS transformation 
assays in the presence or absence of these antibody 
fragments (Figure 5). 

When an expression clone encoding mutant 
HRASG12V was transfected into NIH3T3 cells, 
growth of transformed, non-contact inhibited 
foci was detected (Figure 5A), whereas cells into 
which vector alone was introduced, retained their 
contact inhibition. This defined 100% and 0% 
relative transformation, respectively (Figure 5B). 
When the 11RASG12V clone was co-trans fected 
with scFvKl (an scFv which has no detectable 
RAS binding in mammalian assays, although it is 
expressed efficiently 17 ), the transforming ability of 
the mutant RAS was unaffected, since the numbers 
of foci observed with HRASG12V alone or 
HRASG12V plus scFvI2I were approximately the 
same (Figure 5A and 8). Conversely we observed 
an ablation of transforming activity when 
HRASG12V was co-expressed with anti-RAS scFv 



(scFvI21R33VHI21VL in which the scFv comprises 
VH of anti-RAS scFv33 with VL of I21 17 ), with 
only around 20% of focus formation compared 
with the HRASG12V control alone (Figure 5B). 
Two anti-RAS IDabs were tested in this assay 
(IDab #6 and #10) which were chosen because of 
their excellent stimulation in the mammalian 
reporter assays (Figure 3) and their good 
expression characteristics in NIH3T3 cells 
(Figure 4). These behaved in a similar way to the 
anti-RAS scFv, showing a dramatic effect on the 
transformation index. Anti-RAS IDab #6 and #10 
reduced the transforming activity of oncogenic 
HRASG12V to belowl0% of the transfected cells 
expressing HRASG12V atone (Figure 5B). Thus, 
these IDabs can be expressed in mammalian cells 
and in sufficient quantity and quality to inhibit 
tumorigenic transformation. The data indicate that 
the IDab selection procedure will be generally use- 
ful for generating reagents with sufficiently good 
in vivo properties to interfere with protein function 
in mammalian cells. 



Discussion 

Single domain antibody fragments are 
effective intrabodies 

The purpose of using intracellular antibodies is 
to bind to target proteins in vivo and elicit a bio- 
logical response. We have shown here that single 
domains (in this case, VH alone but VL alone 
should possess the same property) can be effective 
intracellular reagents showing excellent solubility 
and stability, and thus are ideal for binding 
specifically and with high affinity to antigen in 

Several considerations make single domains 
attractive as intrabodies compared to scFv and 
other formats. The association of VH and VL 
domains is weak in scFv 37 and the dissociated 
form can be predominant becoming a target for 
aggregation and proteolysis inside cells, An 
alternative form of VH-VL heterodimer is the 
disulphide-stabilised Fy fragment (dsFv), 28 but 
this in not a good option for intrabodies because 
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Figure S. Inhibition of mutant RAS-mediated 
oncogenic transformation of NIH3T3 ceils by anti-RAS 
IDabs. Mutant HRASG12V cDNA was cloned into the 
mammalian expression vector pZIPneoSV(X) and anti- 
RAS scFvS or IDabs were cloned into the pEF-FLAG- 
Memb vector (this encodes a protein with a plasma 
membrane targeting signal fused at the C terminus of 
each scFv or IDab and a FLAG- tag fused at the N termi- 
nus), P ZIPneoSV(X)-HRASG12V (100 ng) and pEF- 
FLAG-Memb-scFv (2 u.g) or pEF-FLAG-Memb-IDab 
were co-transfected into low passage NIH3T3 D4 cells 
using Lipofect AMINE™ (Invitrogen). Two days later, 
the cells were transferred to 10 cm plates. After reaching 
confluence, cells were maintained for 14 days in DME 
medium containing 5% donor calf serum and the plates 
were stained with crystal violet to allow foci of trans- 
formed ceils to be quantified. A, Photographs of repre- 
sentative NIH3T3 growth plates showing transformed 
foci. Empty vector in the top left panel indicates co-trans- 
fection with the pZIPneoSV(X) vector without cloned 
RAS together with the pEF-FLAG-Memb vector without 
cloned scFv or IDab. The other plates show cultures 
after transfections of cells with pZIPneoSV(X)- 
HRASG12V plus the indicated scFv or IDab pEF-FLAG- 
Memb expression vector. B, A histogram showing rela- 
tive percentage of transformed foci, estimated as the 
number of foci normalised to the focus formation 
induced by pZIPneoSV(X)-HRASG 12V together with the 
pFF-FLACi-Memb empty vector only (the value set at 
100%). Results shown represent one experiment, in 
which each transfection was performed in duplicate 
(two additional experiments yield similar results). 



the disulphide bond is not formed inside cells. 
Natural H chain antibodies are found in camel 
and related species in the absence of light chains 
and these are effective for binding and specificity 
in vitroP In vitro VH libraries have been 
described in which the VL interface of the 
VH domain was mutated to mimic the camel VH 
domain. W5 - 30 Camelisation of the VH framework 
of the anti-RAS VH IDabs (mutations G44E, L45R, 
W47G or W47I 19 - 25 ) destroyed antigen-binding 
activity in vivo as judged by the luciferase reporter 
assay (data not shown). However, the IDabs 
described here, based on the IAC consensus scaf- 
fold, are expressed well as soluble proteins in cells 
and non-specific interactions with non-relevant 
antigen have not been detected. This suggests that 
modifications may not be useful for IDab intrabody 
applications. Rather, the employment of pre- 
defined immunoglobulin framework scaffolds is 
likely to be more useful, as these can exhibit 
properties attuned to the intracellular 
environment. 17 IDabs based on the IAC 
consensus 1317 fulfil this prerequisite for function. 
Thus, single domain intracellular antibodies are 
the smallest antibody fragment known at present 
with potential for in cell use. 

A robust, rapid and simple procedure is needed 
to identify effective intrabodies and our approach 
has taken advantage of direct screening in the in 
vivo milieu to facilitate the isolation of those intra- 
bodies which can fold adequately, have sufficient 
stability and can function in vivo. Specially 
designed, diverse intrabody libraries have an 
advantage for this objective as the process of deriv- 
ing antigens-specific intrabodies would be greatly 
simplified and success more likely. The single 
domain intrabody format provides the means to 
achieve this since libraries using the scFv format 
are limited by the complexity of the VH and VL 
combination where there are six random CDR 
loops. The maximum diversity using single 
domain libraries (only three CDR loops) is lower 
than scFv. Moreover, IDabs composed of mono- 
meric domains may be advantageous for inter- 
action with antigen as the contact area between 
antigen and antibody occurs over a small area, 
which could target small, hidden epitopes not 
accessible conventional scFv intrabodies. In these 
settings, IDabs might, for instance, recognise clefts 
formed by fusion of two protein domains which 
can result from chromosomal translocations in 



Single domain intrabody library screening; 
IAC 2 

A key feature which increases the effectiveness 
of IDab libraries is the use of a pre-defined intra- 
body consensus VH framework sequence' 517 as a 
scaffold for library diversification, since these 
sequences display ideal properties for intracellular 
function, such as expression, solubility and func- 
tionality without the requirement for the conserved 
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intra-domain disulphide bonds. 57 Furthermore, 
diverse IDab libraries are readily screened in vivo 
to generate sets of antigen-specific molecules. This 
approach is the second generation of the IAC 
method (IAC 2 ). The IAC 2 strategy comprises 
screening for IDabs in a yeast antibody-antigen 
interaction assay followed by verification of 
activity in mammalian cells using primarily a 
reporter assay, followed by an antigen-specific bio- 
logical assay. The IAC 2 obviates the need for the 
preliminary selection of diverse phage scFv 
libraries in vitro, which in turn obviates the need 
for production of antigen in vitro, as the first step 
in the first generation IAC iJ We have used consen- 
sus scaffold VH domain sequences' 5 " as frame- 
works for the construction of VH IDab libraries, so 
the effective "intracellular" diversity is greater 
than could realistically be achieved with scFv 
whilst requiring more limited physical diversity 
than if using all the VH subgroups. 

In conclusion, single domain intrabodies (IDabs) 
can be isolated directly from in vivo bespoke intra- 
body libraries using a second generation IAC 
approach (IAC) and this new simple approach to 
derivation of functional intrabodies relies only on 
expertise of two-hybrid screening methods. Thus, 
IDabs can readily be obtained with IAC 2 and are 
good candidates to serve as a lead tools for 
therapeutics and functional genomics research. 



Materials and Methods 

Plasmids 

Reporter plasmids 

The reporter plasmids pG5-Luc U3, ,and pG5GFP-hyg ?I 
have been described. pRL-CMV was obtained from 
Prcmega Ltd. 



Bait expression clones 

The plasmids P M1-HRASG12V, pMl-LacZ 17 and 
pBTM-ATF-2 3 '* have been described. pMl-ATF-2 was 
made by sub-cloning the Smal-BamHl fragment from 
pBTM-ATF-2 into the pMl vector." Far production of 
pMl-LexA, a LexA-DBD fragment was amplified from 
pBTMlie 35 using BLEXAF2, g-CGC GGATCCT GAAA 
GCGTTAACGGCCAGG-3' and BAMLEXAR, 5'-CGC 
GGATCCAGCCAGTCGCCGTTGC-3', and cloned into 
theBfljttHIsiteofpMl, 



Intrabody expression clones 

The intrabodv expression plasmids pEF-scFv33-VP16 
(anti-RAS), pEF% H I21K3 ' fib (antl-RAS) 17 and pEF- 
scFvR4-VP16 (anti-p-galf - 21 have been described. The 
clones pEF-33VH-VP16, pEF-421R33VH-VP16, pEF- 
I21R33VH-C22S-VP16 and pEF-I21R33VH~C92S-VP16 
were made by PGR amplification of the VH domain 
fragments from the parental pEF-scFv-VP16 (using the 
oligonucleotides EFFF, 5'-TCTCAAGCCTCAGA 
CAGTGGTTC-3'' and NotVHJRl'' 5'-C ATG ATG ATGT 
GCGGCCGCTCCACCTGAGGAGACGGTGACC-3'; the 
latter introduces a Natl cloning site) and cloning into 



the Sfil-Notl sites of pEF-VP16. 21 The pEF-33VL-VP16 
and pEF-I21R33VL-VP16 domain fragments were ampli- 
fied from the parental pEF-scFv-VP16 using VLF1 &- 
ATCATG CCATGG ACATCGTGATGACCCAGTC-3' (this 
introduces a Ntol cloning site) plus VP162R, 5'-CAA 
CATGTCCAGATCGAA-3' and sub-cloned into the 
Ncpl-Noil sites of pEF-VP16. zi 

pHEN2-scFv or IDab (for bacterial periplasmk 
expression) were made by cloning the Sfil-Notl frag- 
rnents of the appropriate pEF-scFv-VP16 or pEF-IDab- 
VP1G into pHEN2 phagemid. The pZIPneoSVfX)- 
HRASG12V was made bv cloning fee coding sequence 
of HRASG12V mutant cDNA from pEXT-HRAS into the 
pZIPneoSV(X) vector.™ The pEF-FLAG-Memb-IDab 
clones were made by inserting the appropriate Sfil-Notl 
fragments of the pEF-IDab-VP16 clones into pEF-FLAG- 
Memb." 

All the above constructs were verified by sequencing. 



Construction of yeast IDab libraries 

The construction of the IDab libraries in the yeast prey 
expression vector P VP16* is described in detail 
elsewhere. 21 Two IDab libraries were made (designated 
IDab library 1 and 2; Table 1). For library 1 preparation, 
the VH templates were from the previously described 
scFv, viz. scFvI2lR33 or scFv625, which have intrabody 
VH consensus framework >f which th Fv<525 has 
the canonical consensus. 17 "" The VH CDR2 and CDK3 
regions of these scFvs were randomised by PGR 
mutagenesis 2 '-" using NNM for codon redundancy in 
the CDRs (where N = A, G, C or T and M = T or G) and 
the products cloned into pVP16*, to encode VH-VP16 
AD fusion proteins. This produced two diverse sets of 
clones with variability in the VH CDR2 and CDR3 
regions. The total number of clones for the I21R33- 
derived library was approximately 2 x 10 6 and of the 
scFv625 consensus-derived library was approximately 
1.4 x 10 6 . These were combined to give a total of approxi- 
mately 3.4 X 10 s clones (IDab library 1). 

For the preparation of IDab library 2, the templates 
were the libraries described above, The CDR1 regions 
were randomised by mutagenesis 2 1,37 and cloned into 
pVF16*. This generated two diverse sets of clones with 
variability in the VH CDR1, CDR2 and CDR3 regions. 
The total number of clones obtained for the I21R33- 
derived library was approximately 3 x Iff and approxi- 
mately 2.2 X10 7 from the scFv625 consensus-derived 
library. These were combined to give a total of approxi- 
mately 5.2 x 10 7 clones (IDab library 2). The diversity of 
the libraries was estimated by determination of the total 
number of colony forming units and sequencing ran- 
domly picked clones to verify both the presence of VH 
segments (— 100% of clones had VH inserts) and the ran- 
domisation of CDRs. The latter showed that -57% of 
clones in the I21R33-deriyed library and —63% of clones 
in the scFv625 consensus-derived library had fully ORFs 
.in VH and VP16 fusions; the other clones had stop 
codons in either CDR1, CDR2 or CDR3, introduced 
during the randomisation process (for the I2TR33- 
derived library -17%, -13% and -9% had stop codons 
in CDR1, CDR2 or CDR3, respectively; for the scFv625 
consensus-derived library -5%, -26% and —5% had 
stop codons in CDR1, CDR2 or CDRS, respectively) and 
thus the diversity in each library could be estimated at 
~ 1.7.X ltf and -1.4 X 10 7 for E1R33- and scFv625 con- 
sensus-derived libraries respectively (I.e. combined 
library 2 of ~3 XlO 7 ). 
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Intracellular antibody capture (IAC) screening of 
IDab libraries 

The screening of synthetic IDab libraries was per- 
formed according to the protocol of IAC technology, as 
described.-" A detailed protocol is availablef. 

In outline, 500 (jLg of pBTM-antigen (bait) and 1 mg of 
the pVP16'-IDab library 1 or the pVP16*-IDab library 2 
(preys) were co-transfected into S. cerevisiae L4Q. Positive 
clones were selected using the auxotrophic markers Trp, 
Leu and His.. Positive clones were selected for his proto- 
■ trophy and confirmed using B-gal filter assays. For the 
selected clones, true positive clones were confirmed by 
re-testing histidine dependent growth and £5-gal acti- 
vation, using relevant and non-relevant baits. Ten double 
positive clones causing the most rapid colour develop- 
ment in 3-gal filter assays were selected and sequenced. 
More efficient selections can be achieved by first creating 
a yeast strain stably expressing the bait of interest (see 
also website indicated above). 



tuoiferase assays and Western blots 

The luciferase reporter assay procedure has been 
described previously, 15 " scFv or IDab intrabodies were 
cloned into the pEF-VP16 expression vector and the anti- 
gen into the pMl vector. COS7 cells (2 X 10 5 ) were transi- 
ent! v co-transfected with 500 ng of pG5-Luc, 50 ng of 
pRl -C M\ 51 1 1 ng of pEF-scFv-VP16 or pEF-IDab-VP16 
and 500 ng of pMl -antigen bait using 8 |U UpnfcctAMl- 
NE r " transfection reagent (Invitrogen), according to the 
manufacture's instructions. Forty-eight hours after trans- 
fection, the cells were washed, lysed and assayed using 
the Dual-Luciferase Reporter Assay System (Prornega). 
Transfection efficiency was normalised to Renilla 
kidfi se activity .\ hich was obtained by co-transfection 
of pKL-CMV. The data represent two experiments, each 
performed in duplicate. 

To confirm the expression of scFv-VP16 or IDab-VP16 
fusion proteins, whole protein extracts were prepared by 
directly adding SDS-PAGE buffer to the transfected 
COS7 cell pellets. The lysates were analysed by SDS- 
PAGE, followed by Western detection using an anti- 
VP16 monoclonal antibody (14-5) Santa-Cruz 
Biotechnology) as the primary antibody and an HRP- 
conjugared rabbit anti-mouse IgG antibody (Amersham- 
Pharmacia Biotech, APB) as the secondary antibody. The 
blots were visualised using an ECL detection kit (APB). 
Analysis of expression of scFv or IDab intrabodies in 
NIH3T3 cells (D4 line, a kind gift from Dr C. ..Marshall) 
was carried out as described. 17 D4 cells were transfected 
with pEF-FLAG-Memb-scFv or pEF-FtAG-Memb-IDab 
with or without pZffneoSV(X)-HRASG12V. Forty-eight 
hours after transfection, the cells were washed once 
with PBS, lysed in ice-cold lysis buffer (10 mM Hepes 
<pH 7.6), 250 mM NaCI, 5mM EDTA, 0.5% (w/v) 
NP-40, 1 (ig/ml of leupeptin, 1 jig/ml of pepstatin A, 
O.lmg/ml of aprotiniri, 1 mM phenylmethanesulfonyl 
fluoride) and the cells recovered by centrifugation at 
4 °C. The pellets ("insoluble" fraction) and the super- 
natants ("soluble" fraction) were analysed by SDS- 
PAGE, followed by Western detection using an 
anti-FLAG monoclonal antibody (M2, Sigma) as primary 
antibody. 



t http: / /www2.mrc-lmb.cam.ac.uk/PNAC/ 
Rabbi ,t:s_T /.group/ 



Mammalian two-hybrid assays using CD4 or GFP 
reporter cells 

CHO cells were grown in minimal essential medium 
alpha (MEM-a, Invitrogen) supplemented with 10% 
{v/v) foetal calf serum, penicillin and streptomycin. 
FACS analyses of the CHO-CD4 line 23 were performed 
essentially as described before/* The CHO-GFP line was 
established by transfecting the pG5Cl l' IIyg vector into 
CHO ceils using LipofectAMINE* and selecting trans- 
fected cells for seven days in MEM-a containing 
0.3 mg/ml of hygromycin B (Sigma). The CHO-GFP 
stable clone 39a was chosen for further assays. For 
FACS assays, 3 x ID 5 CHO-CD4 or CHO-GFP cells were 
seeded in six-well plates 24 hours before transfection. 
pMl-antigen (0.5 |xg) and 1 |j,g of pEF-scFv-VP16 or 
pEF-IDab-VPlfi were co-transfected into the cells. Forty- 
eight hours after transfection, cells were washed, dis- 
sociated and re-suspended in PBS. For the CHO-CD4 
assay, induction of cell surface CD4 expression was 
detected by using an anti-human CD4 antibody (RPA- 
T4, Pharmingen) and FTTC-conjugated anti-mouse IgG 
antibody (Pharmingen). The fluorescence of CHO-CD4 
or of CHO-GFP cells was measured with a FACSCalibur 
(Becton Dickinson) and the data were analysed by the 
CELLQuest software. 

Purification of IDab fragments in vitro and BIAcore 
affinity measurement 

For in vitro assays*, bcl'vs and IDabs were expressed 
and isolated from the bacterial periplasm as previously 
described. 1 " IDab fragments were cloned into the 
pHEN2 vector containing "the pelB leader sequence with 
a Ms-tag and a myc-tag. IDabs were induced with 

1 mM isopropyl-p,D-thiogalactopyranoside (IPTG) in 1 1 
culture for four hours at 30 °C, The cells were harvested 
and periplasmic fractions extracted in 10 ml of cold TES 
buffer (0.2 M Tris-HCl (pH 7.5), 0.5 mM EDTA, 0.5 M 
sucrose). After dialysis against 2.51 of PBS, including 
lO.rnM imidazole at 4 °C, scFv and Dab fragments were 
purified j Q I s K'TA gai > QI ' i-N) according to 
me manufacture's instructions, concentrated using Cen- 
tricon concentrators (YM-10, Amicon) and aiiquots were 
stored at - 70 °C. Protein concentration was measured 
using a Bio-Rad Protein assay kit according to the manu- 
facture's instructions. In vitro affinities of scFvs and 
IDabs were determined using surface plasmon resonance 
on a BIAcore 2000 instrument (Pharmacia Biosensor), 
The kinetic rate constants, k m and k M , were calculated 
using the software supplied by the manufacturer, K d 
values were calculated from fc„„ and k m rate constants 
(Ki = hn/k m ). All measurements were performed in 
duplicate. 

Transformation assays in N1H3T3 cells 

Low passage NIH3T3 clone D4 cells were seeded at 

2 x 10 s cells per well in six-well plates, 24 hours before 
transfection. For transfection, 2 jjug of pEF-FLAG-Memb- 
scFv or IDab vector and lOOng of pZIPneoSV(X)- 
HRASG12V vector were used with 12 jil of LipofectAMI- 
NE"". Two days after transfection, the cells were 
trainsferred into 10 cm plates and grown at 37 °C. After 
reaching confluence, the cultures were kept for two 
weeks in Dulbecco's modified Eagle's (DME) medium 
containing 5% (v/v) donor calf serum (Invitrogen) with 
penicillin and streptomycin. Focus formation, due to 
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loss of contact inhibition, was scored by staining the 
plates with crystal violet. 



Acknowledgements 

This work was supported by the Medical 
Research Council. T.T. was supported partly by 
the Medical Research Council, by Kyoto University 
and by the National Foundation for Cancer 
Research, N.L, was supported by the Kay Kendall 
Leukaemia Fund. We thank Professor Antonino 
Cartarteo for p;BTM-ATF-2, Dr Chris Marshall for 
NIH3T3 D4 clone cells, Dr Lawrence A. Quilliam 
for the pZIPneoSV(X) vector, Drs Roger Williams 
and Michael Pacold for the HRASG12V cDNA 
clone, Dr Chi Van Dang for CHO-CD4 cells and 
Dr Toshi Shioda for the pG5GFP-Hyg vector. 



References 

1. Trail, P, A. & Bianchi, A. B. (1999). Monoclonal anti- 
body drug conjugates in the treatment of cancer. 
Curr. Opin, Immunol. 11, 584-588. 

2. Segai, D. M„ Weiner, G. J. & Werner, L. M, (1999). 
fiisperific antibodies in cancer therapy. Curr. Opin. 
Immunol. 11, 558-5.62. 

3. Rabbitts, T. 1 1. & Stocks, M. R. (2003). Chromosomal 
translocation products engender novel intracellular 
therapeutic technologies. Nature Med. 9, 383-386. 

4. Collins, F. S, et al. (1998). New goals for the US 
Human Genome Project: 1998-2003. Science, 282, 
682-689. 

5. Tuschl/T. (2002). Expanding small RNA interference. 
Nature Biotechtwl. 20, 446-448. 

6. Cattaneo, A. k Biocca, S. (1999). The selection of 
intracellular antibodies. Trends Biotechnol 17, 
115-121. 

7. Rondon, I. ]. & Marasco, W. A. (1997). Intracellular 
antibodies (intrabodies) for gene therapy of 
infectious diseases. Annu, Rev. Microbiol. 51, 257-283. 

8. Bird, R. E„ Hardman, K. D.,Jacobson, J. W., Johnson, 
S-, Kaufman, B. M., Lee, S-M. et al. (1988). Single- 
chain antigen-binding proteins. Science, 242, 423-426, 

9. Huston, J, S., Levinspn, D., Mudgett-Hunter, M., Tai, 
M-S., Novoty, J., Margolies, M. N. et al (1988), Pro- 
tein engineering of antibody binding sites: Recovery 
of specific activity in an anti-digoxin single-chain Fv 
analogue produced in Escherichia coli. Proc. Natl 
Acad. Sci. USA, 85, 5879-5883. 

10. Biocca, S., Pierandrei-Amaldi, P, & Cattaneo, A. 
(1993). Intracellular expression of anti-p21ras single 
chain Fv fragments inhibits meiotic maturation of 
xenopus oocytes. Biochem. Biophys. Res. Commun. 
197,422-427. 

11. Tavladoraki, P., Benvenuio, E., Trinca, S., De 
Martinis, D., Cattaneo, A, & Galeffi, P. (1993). Trans- 
genic plants expressing a functional single-chain Fv 
antibody are specifically protected from virus attack. 
Nature, 366, 469-472. 

12. Proba, K., Worn, A., Honegger, A. & Pluckthun, A. 
(1998). Antibody scFv fragments without disulfide 
bonds made by molecular evolution. ']. Mol Biol. 
275, 245-253. 

13. Worn, A. & Pluckthun, A, (1998). Mutual stabiliz- 



ation of VL and VH in single-chain antibody frag- 
ments, investigated with mutants engineered for 
stability Biochemistry, 37, 13120-13127. 

14. Visintin, M. et al. (1999). Selection of antibodies for 
intracellular function using a two-hybrid in vivo 
■system. Proc. Natl Acad. Sci. USA, 96, 11723-11728. 

15. Tse, E„ Lobato, M. N., Forster, A., Tanaka, X, Chung, 
G. T. Y. & Rabbitts, T. H. (2002). Intracellular anti- 
body capture technology: application to selection of 
single chain Fv recognising the BCR-ABL oncogenic 
protein. [.Mol. Biol. 317, 85-94. 

16. Visintin, M., Settanni, G., Maritan, A., Graziosi, S,, 
Marks, J. t>. & Cattaneo, A. (2002). The intracellular 
antibody capture technology (IACT): towards a con- 
sensus sequence for intracellular antibodies. /. Mol 
Biol. 317, 73-83. 

17. Tanaka, T. & Rabbitts, T. H. (2003): Intrabodies based 
on intracellular capture frameworks that bind the 
KAS protein with high affinity and impair oncogenic 
transformation. EMBO ]. 22, 1025-1035. 

18. Ward, E. 5., Guss.ow, D„ Griffiths, A, D., Jones, P. T. & 
Winter, G. (1989). Binding activities of a repertoire of 
single immunoglobulin variable domains secreted 
from Escherichia cali. Nature, 341, 544-546. 

19. Davies, J. & Riechmann, L. (1996). Single antibody 
domains as smail recognition units: design and in 
vitro antigen selection of camelized, human VH 
domains with improved protein stability. Protein 
Eng. 9, 531-537. 

20. Reiter, Y, Schuck, P., Boyd, L. F. & Pluksin, D. (1999). 
An antibody single-domain phage display library of 
a native heavy chain variable region: isolation of 
functional single-domain VH molecules with a 
unicue interface. / Mol Biol. 290, 685-698. 

21. Tanaka, T., Chung, G. T. Y„ Forster, A., Lobato, M. N. 
& Rabbitts, T. H. (2003). De novo production of 
diverse intracellular antibody libraries. Nvcl Acids 
Res. 31, £(23.. 

22. Tse, E., Chung, G. & Rabbitts, T. H. (2000). Isolation 
of antigen-specific intracellular antibody fragments 
as single chain Fv for use in mammalian cells. In 
Methods in Molecular Biology and Medicine (Turksen, 
K., ed,), pp, 433-446, Humana Press, Totawa. 

23. Fearon, E. R,, Finkel, X, Gillison, M. L., Kennedy, S. P., 
Casella, J, F., Tomaselli, G. F. et al (1992), Karyo- 
plasmic interaction selection strategy: a general 
strategy to detect protein -protein interaction in 
mammalian cells. Proc. Natl Acad, Sci USA, 89, 
7958-7962. 

24. Martineau, P., Jones, P. & Winter, G. (1998). 
Expression of an antibody fragment at high levels in 
the bacterial cytoplasm. /. Mol. Biol. 280, 117-127. 

25. Davies, J. & Riechmann, L. (1995). Antibody VH 
domains as small recognition units. Biotechnology 
(NY), 13, 475-479. 

26. Riechmann, L. & Muyldermans, S. (1999). Single 
domain antibodies: comparison of camel VH and 
camelised human VH domains. /. Immunol. Methods, 
231, 25-38. 

27. Glockshuber, R,, Malia, M., Pfitzinger, I. & 
Pluckthun, A. (1990). A comparison of strategies to 
stabilize immunoglobulin Fv-fragmenta. Biochemistry, 
29, 1362-1367. 

28. Reiter, Y. & Pastan, I. (1996). Antibody engineering of 
recombinant Fv immunotoxms for improved target- 
ing of cancer: diaulfide-stabilized Fv immunotoxins. 
Clin. Cancer Res. 2, 245-252. 

29. Muyldermans, S., Cambillau, C. & Wyns, L. (2001). 
Recognition of antigens by single-domain antibody 



1120 



Single-domain Intrabodies 



fragments: the Superfluous luxury of paired 
domains. Trends Biochem. Set 26, 230- 235. 

30. Muyldermans, S„ Atarhauch, X, Saldahha, J., 
Barbosa, J. A. & Hamers, R. (1994). Sequence and 
structure of VH domain from naturally occurring 

m*. hea chain immunoglobulins lacking light 
chains. Protein Eng. 7, 1129-1135. 

31. de Wet, J. R„ Wood, K. V., DeLuca, M., Helinski, D. R. 
& Subramani, S, (1987). Firefly luciferase gene: 
structure and expression in mammalian cells. Mol. 
Cell. Biol 7, 725-737. 

32. Shioda, T., Andriole, S„ Yahata, T. & Isselbacher, K. J. 
(2000). A green fluorescent protein-reporter mam- 
malian two-hybrid system with extrachromosomal 
maintenance of a prey expression plasmid: appli- 
cation to interaction screening. Proc. Natl Acad. Sci. 
USA, 97, 5220-5224. 

33. Portner-Taliana, A., Russell, M, Froning, K. J„ 
Budworth, P. R., Comiskey, J. D. & Hoeffler, J. P. 
(2000). In vivo selection of single-chain antibodies 
using a yeast two-hybrid system, /. Immunol, 
Methods,^, 161-172. 

34. Sadowski, 1., Bell, B., Broad, P. & Hollis, M. (1992). 
GAL4 fusion vectors for expression in yeast or mam- 
malian cells. Gene, 118, 137-141. 

35. Hollenberg, S. M, Sternglanz, R,, Cheng, P. F. & 
Weintraub, H. (1995). identification of a new family 
of tissue-specific basic helix -loop-helix proteins with 
.a two-hybrid system. Mol. Cell Biol. 15, 3S13-3822. 



36. Cepko, C. L., Roberts, B. E & Mulligan, R. C. (1984). 
Construction and applications of a highly trans- 
missible murine retrovirus shuttle vector. Cell, 37, 
1053-1062. 

37. Hppgenboom, H. R. & Winter, G. (1992). By-passing 
immunisation. Human antibodies from synthetic 
repertoires of germline VH gene segments 
rearranged in vitro. ]. Mol. Biol 227, 381-388. 

38. Ise, E. -& Rabbitts, T. H. (2000). Intracellular anti- 
body-caspase mediated cell killing: a novel approach 
for application in cancer therapy. Proc. Natl Acad. Sci 
USA, 97, 12266 - 1 2271 . 

39. Lefranc, M. P. (2002). 1MGT, the international 
ImMunoGeneTics database: a high-quality infor- 
mation system for comparative immunogenetics and 
immunology. Dev. Camp. Immunol. 26, 697-705. 

40. Lefranc, M. P., Pommie, C, Ruie, Giudicelli, V., 
Foulquier, E„ Truong, L. ef al. (2003). MGT unique 
numbering for immunoglobulin and T cell receptor 
variable domains and Ig superfamily V-!ike domains. 
Dev. Comp. Immunol, 27, 55-77. 

41. Ufranc, M-P. & Lefranc, G. (2001). The Immuno- 
globulin FuctsBook, Academic Press, London. 

42. Kabat, E. A., Wu, T. T., Perry, H. M., Gortestnan, K. S. 
& Foeller, C. (1991). Sequences of Proteins of Immuno- 
logical Interest, 5th edit., National Institutes of Health, 
Bethesda. 



Edited by J. Kant 



(Received 22 May 2003; received in revised form 23 June 2003; accepted 23 June 2003) 



